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PROLOGUE
Seeing comes natural. You don't have to think about it, you just open your eyes and there it 
is: the outer world. Whether our visual perception is a true representation of it or not can 
be argued, but intact vision is the prime survival tool for everyone. Vision helps us to quickly 
orient in unfamiliar surroundings, it guides our eye movements during reading and it helps 
us to handle objects appropriately. Much of this is done automatically and naive owners of 
intact vision rarely appreciate the tremendous complexity that lies behind even the simplest 
of visual tasks like looking at a familiar face. This becomes clear in case of visual defects, 
which immediately interfere with all kinds of behaviour and force the patient to act 
consciously where an automated response was normal. Among the many possible visual 
disturbances, losing sight in a part of the visual field intuitively qualifies as one of the most 
profound visual disturbances, next to loosing all visual capabilities. Patients with visual field 
defects (VFDs), a part of the visual field in which there is no or disturbed visual input, can 
experience problems in activities that are usually easy to perform with normal vision: 
reading can be disturbed, driving a car may be prohibited, but even easy tasks such as 
finding an object on a shelf, avoiding an obstacle while walking and recognizing landmarks 
can be severely hampered.
Based on stroke incidence, prevalence and prognosis, it is estimated that there were more 
than 50.000 persons with VFDs in the Netherlands in 2007. Because the overall life span of 
humans increases, stroke incidence will also increase. Added to the improving stroke care, 
the number of persons with a VFD will increase even further in the years to come. This 
warrants the need for treatment of VFDs.
In this thesis, I describe experiments that were done in order to assess whether treatment 
of hemianopia by Restorative Function Training (RFT) can lead to visual field recovery in 
patients with acquired brain damage (damage that is not hereditary or congenital) and if it 
does, to what degree. This description includes the quality of the regained visual field after 
training; the transition of the visual field from the pre-training to post-training state; the 
question whether perimetry results are contaminated by eye movements during perimetry; 
the generalization effects to other visual tasks that have not been the subject of training 
(colour and shape perception) and to activities of daily life (reading and driving). I also 
describe the results of a pilot experiment using functional Magnetic Resonance Imaging 
(fMRI), conducted in a group of 8 patients, which includes the possibility of an fMRI 
Retinotopic Mapping procedure in conjunction with traditional, subjective perimetry to 
serve as a predictor for expected training effect.
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Abbreviations in alphabetical order
ABS = Absolute Border Shift
ADL = Activities of Daily Life
CNS = Central Nervous System
CST = Compensatory Saccade Training
ECSG = Estimated Cortical Surface Gain
EEG = Electroencephalography
fMRI = functional Magnetic Resonance Imaging
GLM = General Linear Model
HRP = High Resolution Perimetry
HVFD = Homonymous Visual Field Defect (VFD is congruent in both eyes)
ISI = Inter Stimulus Interval 
ITC = Inferior Temporal Cortex 
LGN = Lateral Geniculate Nucleus 
MEG = Magneto Encephalography 
PET = Positron Emission Tomography 
RFT = Restorative Function Training 
RTR = Risk Taking Ride 
SLO = Scanning Laser Ophthalmoscope 
TAP =Tubingen Automated Perimetry 
VEP = Visual Evoked Potential 
VFD = Visual Field Defect 
VFE = Visual Field Enlargement 
VRT = Vision Restoration Therapy
The picture that is repeatedly shown at the beginning of each chapter is an adaptation of an 
artist's impression of the human brain.
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Chapter 1
General Introduction
\
1. THE VISUAL SYSTEM AT A GLANCE
Vision is the sensory modality that plays a major role in our life. Indeed, it is the sense that 
most people rely on in our modern society; when our other senses provide somewhat 
different information than our visual sense, we tend to believe what (we think that) we see. 
Apparently, most of us are extremely confident about the validity of visual information 
about our environment and the actions that take place in it. We use visual information to 
orient ourselves and to gather information about the world around us. In fact, all our 
actions in that world and perceptions of that world have a very strong visual component or 
are even dominated by it. This dominance becomes clear in, for instance, ventriloquism. We 
hear a sound coming from the direction where we (think we) see the source of that sound: 
a doll that makes the visible talking gestures. The visual system is strongly interlinked with 
other sensory modalities and many memory modules and it influences emotions (Van de 
Grind, 2000). About 50% of the brain is dedicated to vision (Fermueller, 2007) so it is not 
surprising that we embraced this modality as the most important source of sensory 
information. Modern day society adds to the importance of vision. Because information is 
more and more presented visually (see fig 1.1) we more often need to extract information 
from printed texts, signs, displays and PC or TV screens. We must be able to see and read 
more traffic signs and other information displays clearly and we must process visual 
information faster because the amount of information that is presented in a certain period 
of time increases. Additionally, our society becomes more populated so that navigation 
more and more becomes a matter of avoiding other objects, other people or their vehicles.
Figure 1.1 Much information has to be processed 
visually (Figure taken from: http://kwebble.com/ 
blog/tag/verkeersbord).
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Consequently, in a society that increasingly addresses our visual capacities, a visual 
impairment sooner becomes a visual handicap. This means that there is a growing need for 
interventions that focus on reduction of the restraining consequences of a visual 
impairment. Before one can reach this stage of developing an intervention, one must map 
out the origin, development and consequences of the visual impairment that is subject of 
the study described in this thesis, i.e. visual field defects. Figure 1.2 shows how visual 
information from the outer world enters the eyes and falls on the retina. The information is 
relayed by specialist cells through the ocular nerve to the optic chiasm, where it meets the 
visual nerve from the other eye. The information is then relayed via the lateral geniculate 
nucleus of the thalamus to the primary visual cortex. This is organised in such way, that 
visual information from the left visual field of both eyes is sent to the right hemisphere of 
the brain and information from the right visual field is sent to the left hemisphere. Before 
the optic chiasm (between the retina and the chiasm), the visual information concerns the 
whole visual field of either eye (monocular field) and behind the optic chiasm, the 
information concerns the left or the right visual half-field from both eyes (binocular 
hemifields). Vision science, has highlighted the functional specialization of the visual cortex, 
and revealed the cortical distribution of visual functions.
Primary Visual 
Cortex
Figure 1.2 The processing route of 
visual information from the eye to 
the primary visual cortex (area 
V1). As can be seen, visual 
information from the left visual 
field travels via both eyes and 
terminates in the right cerebral 
hemisphere. This route can be 
bypassed via the superior 
colliculus to higher visual areas 
such as V2, V3 and further. 
(Figure adapted from: DE 
Hannula, DJ Simons & NJ Cohen, 
2005. Imaging implicit perception: 
promise and pitfalls. Nature 
Reviews Neuroscience 6: 247-
255).
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Numerous studies have been carried out to describe this distribution. For example, the 
primary visual cortex (area V1) is the earliest cortical visual area and it is located in and 
around the calcarine fissure in the occipital lobe (see figure 1.2 and 1.3). Cortical area V1 
contains a well-defined map of the spatial aspects of vision, called a retinotopic map. 
Conceptually, this map is a transformation of the visual image from the retina to V1. Every 
retinal cell responds to a particular part of the visual image, which is called the receptive 
field of the cell. The order of these receptive fields in the retina is preserved in V1. The 
correspondence between the order of receptive fields in both the retina and V1 (and to 
some degree also higher areas as V2 and V3) imply that adjoining parts of the (early) visual 
cortex process adjoining parts of the visual image. In humans and animals with a fovea in the 
retina, the small foveal area of the retina is mapped to large parts of V1. Retinal areas that 
are increasingly located in the periphery project to increasingly smaller portions of V1, a 
phenomenon known as cortical magnification of central vision.
Visual perception is the result of activity of several distinct, specialized processing units that 
are integrated to subserve complex visual abilities, such as recognising objects or orienting in 
space. (Zihl, 2000). This means that neurones (the brain cells that process information) in the 
visual cortex do not only discharge action potentials when visual stimuli appear within their 
receptive field: any given neuron responds to only a small subset of visual stimuli within its 
receptive field. This property is called neuronal tuning. In the earlier visual areas, neurons 
have simple tuning: a neuron in V1 may fire to any vertical stimulus in its receptive field. In 
the higher visual areas, neurons have complex tuning. For example, in the right inferior 
temporal cortex (ITC), a neuron may only fire when a certain face appears in the visual field.
Figure 1.3. The visual projection (V1) and association (V2-V7) areas. (Figure adapted from: Logothetis NK. 
(1999). Vision: A window on consciousness. Scientific American 281: 44-51).
Frontal Lobe Parietal Lobe
Inferior Temporal 
Cortex (ITC)
Occipital Lobe
Cerebellum
12
V1 receives information directly from the lateral geniculate nucleus (LGN) and transmits 
information along two primary pathways, called the dorsal stream and the ventral stream. 
The dorsal stream (V 1 ^ V 2 ^ V 3 ^ V 5 ), sometimes called the "Where Pathway" or "How 
Pathway", is associated with motion, representation of object locations, and control of the 
eyes and arms, especially when visual information is used to guide saccades or reaching. The 
ventral stream (V 1 ^ V 2 ^ V 4 ^ IT C ), sometimes called the "What Pathway", is associated 
with form, texture and colour recognition and object representation. It is also associated 
with storage of long-term memory. V4 is the first area in the ventral stream to show strong 
attentional modulation (Moran and Desimone, 1985), which means that perception of e.g. 
colour and form in a certain visual field area is improved when attention is directed to that 
visual field area.
Figure 1.4 Diagram of the cortical areas that are known to be involved in vision and their interconnections. 
(Felleman DJ, and Van Essen DC., 1991)
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This description of the visual system is admittedly oversimplified; this paragraph is merely 
meant to show the modular nature of the visual system. An example of the complexity of the 
visual system is shown in the diagram by Felleman and Van Essen (1991; see 
figure 1.4). As can be seen, there are actually many feedback and feed forward connections 
within the visual system that are not mentioned here. For example, not shown in figures 1.2 
and 1.3 are the connections between LGN and higher visual areas (V4, V5 etc). In absence of 
the direct input to V1, these connections act like a shortcut through which higher areas 
receive visual information. However, this information is only a fraction of the main input to 
V1. For example, if area V1 is damaged, connections between LGN and V5 result in the 
perception of movement, while the moving object itself is not consciously perceived. This 
visual processing variant is called 'blindsight': someone is unaware of (or blind for) a stimulus 
in a certain part of the visual field, but is able to react to that stimulus, indicating that it is 
processed by the brain.
2 VISUAL FIELD DEFECTS (VFDs) 
2.1 VFD Assessment
The aforementioned correspondence between the order of receptive fields in both the 
retina and V1 is preserved in the pathways that connect the two. This implies that partial 
damage to the retina, the pathways as well as the cortical visual areas leads to interruption 
of visual processing in a part of the retinotopic map, which causes blindness in the 
corresponding part of the visual field. This loss of vision in a part of the visual field is called a 
visual field defect (VFD). The visual field is defined as a "spatial array of visual sensations 
available to observation in introspectionist psychological experiments" (Smythies, 1996) or 
in other words, "all that a person can report to see in one glance, without moving the eyes". 
VFDs are associated with an adverse prognosis in outcome studies (Reding & Potes, 1988) 
and impair the success of vocational rehabilitation (return to one's profession) (Savir, 1977). 
The size or shape of the visual field is measured using a perimeter. The studies described in 
this thesis are limited to VFDs that are caused by postchiasmatic acquired brain injury 
(damage in the cortical visual areas and the pathways leading to these areas).
2.1.1 The perimeter. A perimeter is a white hemi-sphere; visual stimuli are projected on the 
inner side of the sphere. The patient is seated in front of the sphere looking towards the 
inside (see figure 1.5). A chin- and forehead rest is used to stabilize the patient's head. This 
will help the patient to fixate his/her gaze on a central fixation point. This is necessary, 
because visual field size is defined by all visual field locations at which a person can perceive 
stimuli without moving the eyes. The coordinates of these visual field locations are relative 
to the centre of the visual field and therefore relative to the point at which someone is 
looking. When a patient fixates centrally, this means that the point at which someone is 
looking is known, so that the visual field size can be inferred from the most eccentric 
locations on the sphere where objects are perceived. But, how do we actually know that a 
person is indeed directing the gaze at the fixation point? The Goldmann perimeter is
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equipped with a spy-glass through which the experimenter can look at the patient's eye that 
is measured. However, although movements as small as 0.5° can be detected in this way, 
offsets of the gaze direction up to 5° may go unnoticed by the naked eye. To overcome this 
problem, blind spot probing must be carried out.
Figure 1.5 A Goldmann perimeter (Left: experimenter's view. Right: patient's view)
2.1.2 Blind Spot Probing. The possibility of parafoveal fixation (a patient directs the gaze 
next to the fixation point) can be checked using the Heijl-Krakau method or blind spot 
probing (Heijl & Krakau, 1975). Figure 1.2 shows that visual information from the retina is 
sent to the brain through the optic nerves. At the retinal location where the optic nerve 
leaves the eye, retinal receptor cells are absent. Consequently, we are 'blind' for that 
particular area in the visual field1. Therefore, we can assess the blind spot location by 
treating it as a VFD and measure its boundaries. This location is more or less the same for 
everyone: it extends from about 12° to about 17° in the temporal hemifield, with its centre 
slightly below the horizontal plane (see figure 1.7A). This means that it can be used as a 
check for accurate fixation: a light probe that is presented in the blind spot should be 
invisible for the patient if central fixation is adequate. A positive response to the probe 
means that fixation was parafoveal and a subsequent measurement is very likely to be 
unreliable. For blind spot probing, the Goldmann IV stimulus with a diameter of 1° is 
presented at the centre of the mapped blind spot (i.e. at an eccentricity of about 15° slightly 
below the horizontal plane). This leaves room for some eccentric viewing up to about 2°, 
which also is the margin of fixation variance that we allowed for our patients (see chapter 3, 
Methods section, subsection 'perimetry')
1 We do not notice this, because of the "filling-in process" by the visual system (Walls, 1954). This phenomenon 
concerns the perceptual completion of reduced or absent information. For the blind spot this means that the 
brain replaces the region of absent information, conveniently, with information that falls on the retina that 
surrounds the blind spot.
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2.1.3 Perimetry. Perimetry is carried out either as a dynamic or as a static variant. During 
dynamic perimetry, a visual stimulus is moved from the peripheral visual field towards the 
central visual field until it is detected. This detection location is then recorded, which is 
repeated twice. The average over the 3 measurements is then taken as the border of the 
visual field at the tested visual meridian. This is subsequently done for multiple meridional 
angles so that a contour-line ('isopter') of the visual field can be constructed. This map does 
not only depend on the underlying neuronal representation (the number of neurons that 
'look' at (respond to) a specific part of the visual field), but also on the size and luminance of 
the stimulus used: different stimuli yield different isopters. The maximum size of the normal 
human visual field extends to approximately 60 degrees nasally (toward the nose, or inward) 
in each eye, to 100 degrees temporally (away from the nose, or outwards), and 
approximately 55 degrees above and 75 below the horizontal meridian (see figure 1.6). 
During static perimetry, the second variant, stimuli are presented stationary with different 
levels of stimulus-background contrast. The contrast level at which the stimulus is detected 
is represented as a grey-scale level. With normal vision, these levels will show as white or 
light grey values.
Figure 1.6 The normal human visual field. Figure adapted from: http://www.e-advisor.us/images/ 
normal_field3.
The retinotopy of the primary visual cortex (V1, see figures 1.2 and 1.3) is maintained in 
higher visual cortical areas such as V2 and V3. A focal lesion to any given part of this cortex 
or map will lead to a corresponding retinotopically determined VFD. Because visual 
information travels through the lens in the eye, an image is projected upside down on the 
retina. Also, because most visual sensory fibres in the brain are crossed in the left/right 
dimension, a lesion in the lower part of V1 in left side of the brain leads to an upper right 
visual field defect.
A VFD can either be absolute (total loss of vision) or relative (disturbed vision). In both
dynamic and static perimetry, an absolute VFD is shown as a black area (locations at which 
no stimulus is detected; see figure 1.7A). In a relative defect, large or high-luminance stimuli 
are detected, whereas small or low-luminance stimuli are not. These luminance thresholds 
are shown as several different grey values in static perimetry (see figure 1.7B). When a visual 
field defect is 'absolute', then even the most salient stimulus that is available on the 
perimeter will not elicit a response from the patient. In other words, none of the stimuli will 
be detected. In a 'relative' defect, some stimuli will be seen, which means that stimulus 
attributes are perceived and the stimulus is recognized. Other stimuli will be detected, which
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means that some stimulus attributes are perceived (e.g. contrast or colour) so that its 
location is known. Still other stimuli will not be perceived at all.
120 105 90 75 60
240 255 270 285 300
A B
Figure 1.7 Examples of dynamic perimetry (A: Goldmann dynamic perimetry; left eye full field) and static 
perimetry (B: Humphrey Field Analyser; left eye central 30°).
The study described in this thesis focuses on visual field recovery. How does this show in 
visual field plots? Visual field recovery can have two appearances:
1) a stimulus in a certain location of the visual field is detected while it was not detected 
during former measurements ('nothing' becomes 'something'). In dynamic plots this will 
show as an outward shift of the outermost border at which stimuli can be detected. In a 
static plot, black values will change into grey or even white values.
2) a stimulus is detected at a lower luminance or contrast level than during former 
measurements ('something' becomes 'recognition'). This will show in static plots as grey 
values becoming lighter. Visual field recovery can thus show as a shift of the absolute defect 
border and/or a decrease in defect-depth. In this study, visual field size is the primary 
variable, i.e. the size of the absolute defect. RFT effects are therefore first expressed as a 
change in the visual field (defect) size. RFT transfer effects to untrained visual functions or 
visually guided behaviour are secondary variables.
2.2 Aetiology
The main cause of VFDs is stroke: approximately 75% of all visual field defects occur after an 
infarction (~ 60%) or haemorrhaging (~ 15%) of blood vessels in the brain. The other 25% of 
the visual field defects are caused by closed head trauma (~ 13%), tumour (~ 6%), hypoxia (~ 
4%) and other causes, such as inflammation (~ 2%)(Kerkhoff, 1999).
In a VFD, vision can be completely lost (anopia) or one or several, but not all visual functions 
are affected (e.g. light vision is preserved, but colour vision is lost) (Zihl, 2000). The lesion 
may be anywhere along the optic pathway from retina to visual cortex or within the dorsal 
or the ventral stream and it may affect the central or the peripheral visual field, or both. 
Lesions that occur between the retina and the optic chiasm will affect visual information in
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one eye only and thus lead to monocular field defects. In the optic chiasm, part of the fibres 
cross to the other brain hemisphere and the rest remains in the same hemisphere. Lesions of 
the optic chiasm itself affect visual information of both eyes in a complicated manner, 
because it depends on which fibres are affected (Willacy, 2007). Lesions in the chiasm 
therefore usually lead to heterogeneous binocular field defects. Lesions after the optic 
chiasm affect visual information coming from both eyes, but concern the left or the right 
hemifield only and therefore lead to homonymous binocular field defects which means that 
the deficit is congruent when measured in both eyes (see figure 1.8). Of all patients with 
acquired brain damage, up to 40% suffer from a visual disorder as a consequence of the 
damage (Hier, 1983). Of all visual disorders after acquired brain damage, 75% concern 
Homonymous Visual Field Defects (HVFDs), which means that about 30% of all acquired 
brain damage cases lead to a form of HVFD (Zihl, 1986). The most commonly occurring 
HVFDs are hemianopia2 (loss of one half of the visual field), quadrantanopia (loss of one 
quarter of the visual field), paracentral scotoma (loss of an area of visual field, surrounded 
by normal or relatively well-preserved visual field) and hemiamblyopia (poor or indistinct 
vision in one half of the visual field) (Kerkhoff, 1999). Approximately 90% of the visual field 
defects are unilateral: both brain damage and visual field defect are restricted to one 
hemisphere and hemifield (types 3 -  6 in figure 1.8). The remaining 10% of the visual field 
defect cases are of a bilateral nature (type 2 in figure 1.8) or of a monocular nature (type 1 in 
figure 1.8).
VFDs can be classified in four types according to their lesion areas (Jay, 1981):
A. Ocular or retinal abnormalities, often leading to altitudinal defects that are present 
both in the right and the left hemifield above or below the horizontal midline.
B. Optic nerve disease, often leading to a defect in the centre of the visual field (central 
scotoma).
C  Chiasmal lesions, leading to heterogeneous visual field defects, which are very often 
bilateral.
D. Postchiasmal lesions, leading to HVFDs, such as hemianopia. These HVFDs can be 
bilateral, if the lesions are bilateral also. In figure 1.8, the most frequent forms of 
HVFDs and the locations of the causal lesions are shown.
The studies described in this thesis concerns VFD type D: postchiasmal lesions. It was 
intended to only include patients with lesions to the optic radiation and/or primary visual 
cortex. However, because experiments had to be carried out with volunteering patients that 
were available at the time, some patients were included that showed lesions that extended 
into the temporal or parietal cortex. These lesions sometimes implied additional 
impairments. For example, a patient with damage to the left temporal lobe may develop a 
right sided quadrantanopsia because part of the left optic radiation is damaged and at the
2 ‘Anopia’ and ’anopsia’ are the same, meaning “absence of sight”. The two terms are both used throughout this 
thesis
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Figure 1.8. Diagram of 
the most frequent forms 
of visual field defects 
and the locations of 
causal lesions. (Figure 
adapted from: 
http://www. Brown .edu/ 
Research/Memlab/py4 7 
/diagrams/vis u al-fi eld- 
defects).
}©  C
same time suffer from aphasic impairments because lexical processing areas are damaged. 
Patients with lesions that extend to the right sided temporo-parietal junction and posterior 
parietal cortex can display a condition that is called visual neglect. Visual neglect (also called 
hemispatial neglect, hemineglect, unilateral neglect, spatial neglect or neglect syndrome) is a 
neuropsychological condition in which directing attention to and awareness of the left side 
of space is deficient. Visual neglect is very commonly contralateral to the damaged 
hemisphere, but instances of ipsilesional neglect (on the same side as the lesion) have been 
reported (Kim, 1999). Right-sided spatial neglect is rare because there is redundant 
processing of the right space by both the left and right cerebral hemispheres, whereas in 
most left-dominant brains the left space is only processed by the right cerebral hemisphere. 
Visual neglect can cause a patient to behave as if the left side of sensory space is nonexistent 
and in an extreme case, a patient with neglect might fail to eat the food on the left half of 
their plate, even though they complain of being hungry. Neglect patients may also ignore the 
contralesional side of their body, shaving or adding make-up only to the non-neglected side. 
Although visual neglect often manifests as a sensory deficit, it is essentially a failure to pay 
sufficient attention to sensory input. Because of this manifestation, visual neglect is difficult 
to distinguish from hemianopia when the visual field is tested with a perimeter. After all, 
during perimetry a patient is asked to judge the presence of a peripherally presented 
stimulus by 'mentally' directing attention to the peripheral visual field without moving the 
eyes to that peripheral stimulus (a "covert attention shift"). When the patient has visual 
neglect, the absence of responses to stimuli presented in the left hemifield may lead to the 
conclusion that the patient has hemianopia when in fact there is a deficit in directing 
attention to the stimulus while it is normally processed by the primary visual cortex. 
Rehabilitation of neglect requires a different approach than rehabilitation of visual field 
defects and therefore patients must be differentially diagnosed. This can be accomplished 
using several tests: clock drawing (neglect patients draw one half of it; hemianopia patients
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do not); the Character Cancellation task (neglect patients fail to cancel out characters on the 
neglected side; hemianopia patients do not), the Line Bisection Task (neglect patients bisect 
a line in the ipsilesional part, hemianopia patients bisect a line in the contralesional part of 
the line) or a combination of the latter: the Character Line Bisection task (Lee, 2004). With 
the use of one or more of these tests, patients with neglect can be differentiated from 
hemianopic patients.
2.3 Consequences of VFDs
In contrast to the numerous studies of cerebral organization of visual perception, 
significantly lower number of studies have been devoted to recovery of visual function in 
patients with acquired brain damage. This is rather surprising, given the fact that about 40% 
of stroke patients suffer from visual disorders. Among them, homonymous field defects (and 
their associated visual exploration disorders, reduced visual acuity and contrast sensitivity), 
visuospatial deficits and multimodal hemineglect are the most common (Kerkhoff, 2007). 
HVFDs can lead to a variety of complaints concerning reading ("hemianopic alexia"), writing, 
driving, navigation, recognition, searching, avoiding moving objects and persons (Pambakian 
& Kennard, 1997; Cole, 1999; Kerkhoff, 2000). Patients with HVFDs have repeatedly been 
found to show a poor recovery outcome (e.g. Savir, 1977; Groswasser, 1990), but in the 20th 
century, VFDs were still rarely the focus of systematic rehabilitation efforts (Kerkhoff, 1999). 
Patients that have a central visual field sparing of <5° suffer from reading problems due to 
the parafoveal field loss. Also, patients with HVFDs can show abnormal saccadic behaviour 
which also contributes to a reading deficit, thus giving rise to reading problems for patients 
with larger macular sparing also (Zihl, 1995; Leff et al., 2000; McDonald et al., 2006). There 
are often problems with visual exploration that can have far-reaching repercussions on 
domestic and vocational lives (Kerkhoff, 2000; Zihl, 2000). In addition, HVFDs are associated 
with a reduced prognosis for successful rehabilitation from stroke in terms of prolonging the 
time needed for and diminishing the likelihood of acquiring adequate activities of daily living 
after stroke (Gray et al. 1989; Patel, 2000).
3 RECOVERY
3.1 Natural recovery
3.1.1 Spontaneous recovery. It is known for a long time that vision can in part return 
spontaneously in patients with both unilateral and bilateral postchiasmatic lesions, although 
only a few systematic studies on large group cases exist. For example, Hier and associates 
found (partial) recovery within 8 months in approximately 30% of their patients with 
unilateral HVFDs (Hier et al. 1983). Zihl and Von Cramon observed (partial) spontaneous 
recovery in 12% of a group of 111 patients within 3 months (Zihl, 2000) and later, a similar 
percentage of recovery (16%) was found in a group of 225 patients (Zihl, 1994). Interestingly, 
recovery was less (border shift 1° to 6°, average 3°) for patients with macular field sparing of
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<5° compared to patients with a macular sparing of >10° (border shift 3° to 24°, average 7°). 
Complete spontaneous recovery takes place in about 2% of the cases (Zihl, 2000). 
Reappearance takes place in a definite temporal order: sensation of light and motion returns 
first, followed by form perception and then colour perception. Sometimes only light vision 
returns; the recovered field remains amblyopic, which means that vision is poor or indistinct 
(this condition of the brain should not be confused with "the lazy eye" or amblyopia in one 
eye, which often goes unnoticed by the owner). Spontaneous recovery from complete 
cerebral blindness (bilateral hemianopia) has also been reported. In these cases, 73% of the 
patients showed partial recovery, with a large variation in extent of the recovery, which took 
place in the first 3 months after brain injury. Complete recovery was observed in 6% of the 
patients. Although the numbers are varying strongly, it is clear that a proportion of patients 
with acquired brain damage may expect some degree of recovery from VFDs, especially 
during the first 3 months post-ictus (=after the onset of the stroke), but rarely after 6 
months (Zhang, 2006). Spontaneous recovery can also imply reorganisation in terms of 
functional changes. For example, Poppel et al. found evidence that after stroke, the visual 
field may display local alterations of sensitivity which can modulate the function of the 
oculomotor system in terms of the development of a parafoveal gaze direction (Poppel, 
1987).
3.1.2 Spontaneous behavioural adaptation. Spontaneous recovery of visual fields is not 
observed in all patients. Which opportunities for improvement remain for patients without 
recovery? The most obvious solution is to substitute for the lost visual field by gaze shifts or 
eye movements in the direction of the field defect. One could expect that patients 
spontaneously make use of this behavioural adaptation. After all, their visual field defect 
results in bumping into objects and people, misplacing objects, misunderstanding visual 
scenes or texts, losing their way, or a combination of one or more of these events. Such 
experiences should make a patient aware of the visual field loss so that they may force 
themselves to make gaze shifts to overcome the visual field loss. However, patients are not 
always fully aware or not continuously aware of their visual defect and consequently, 
patients do not always develop conscious use of such compensation methods. There appear 
to be various degrees of awareness of the visual field defect by their 'owners' (Zihl, 2000):
[1] A total lack of awareness
[2] Unawareness of the defect, but recognition of the consequences (e.g. bumping into 
objects or people without knowing why)
[3] "Projection" of the defect, i.e. rationalizing it as being due to, e.g. imperfect 
illumination
[4] Realization that "something is wrong" with vision, although the nature of the defect is 
not understood and cannot be described
[5] Awareness of a visual defect to one side, misinterpreted as a defect of one eye
[6] Full awareness of the hemianopia
Often, the blindness in homonymous hemianopia does not mean loss of all visual functions 
and some visual capacities may be preserved (Stoerig, 1997; Weiskrantz 1974). This means
21
that e.g. stimuli with visual movement and/or high contrast can be consciously perceived 
when presented in the affected visual field (Weiskrantz, 1995). The more spared neurons are 
present after brain injury, the more visual capacities can be expected, the more certainty is 
seen in behavioural responses and the more awareness of the deficit is present (see figure 
1.9). The visual neglect syndrome could be interpreted as a total lack of awareness.
A peculiar phenomenon is the aforementioned blindsight: a condition in which patients 
respond to visual stimuli without consciously perceiving them (Weiskrantz, 1974; Stoerig, 
1997; Leh 2006). Patients cannot consciously report the presence of visual targets, but they 
are able to carry out visual discriminations. For example, colours may be identified correctly 
while the patient reported to have seen nothing. Spontaneous adaptation may be expected 
with the fully aware patients, but not with the remaining patients. The lack of immediate 
sensory experience correlated to the defect likely prevents spontaneous adaptation. In other 
words, when the visual pathways are (partially) lost, there is no sensory mechanism that can 
detect the loss and patients have to make inferences to discover the deficit (Levine, 1990). 
Although perimetry records show black areas for blind regions, this is not what patients see: 
because of the lack of visual input, patients see nothing in these regions. As a consequence 
all attention is drawn and directed to the functioning or 'seeing' visual field.
Figure 1.9. The relationship between proportions of spared neurons, behavioural observations, visual capacities 
and levels of awareness of the deficit. (Figure adapted from: Sabel BA and Kasten E (2000) Restoration of vision 
by training of residual functions. Current opinion in Ophthalmology 11: 430-436).
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As was mentioned in §2.3, there is a low number of recovery studies. This is comprehensible 
if one realizes how difficult it can be to unequivocally attribute improvement to treatment. 
An important feature in recovery studies is therefore that treatment starts after natural 
recovery has ended or is not likely to exert much effect on the outcome of the treatment.
It was long believed that visual field defects such as hemianopia or scotoma following brain 
injury were untreatable. In the last 2 decades, the concept of plasticity of the visual system 
has received wider attention in the neurosciences, following the acceptance of the general 
concept of brain plasticity (e.g. Bach-y-Rita, 1990; Johansson, 2000). Both during 
development and during adulthood the visual system shows a degree of modifiability, which 
nowadays is well recognized as a potential for functional adaptation to lesion-induced 
changes. Currently, there are three different approaches to rehabilitation of HVFDs. They 
have in common that 'mass practice' of a visual task is needed with the expectation that 
improvement on specific visual tasks will have generalization effects to a range of 
ecologically useful functions, i.e. to daily-life functions. The three approaches are: 
substitution, compensation and restoration
3.2.1 Substitution. (Optical therapies). These treatments aim to improve visual perception 
either by relocating the whole or part of the visual environment (from a scotomous region to 
the intact visual field) or by expanding the visual field. To this purpose, mirrors, telescopes or 
(fresnel) prisms are applied to spectacle lenses (Lee, 1999). Relocating a part of the visual 
field or the whole visual field have the disadvantage that, although (part of) the visual 
environment is brought into the intact visual field, another part of the visual environment (of 
equal size) will fall inside the scotoma or visual field defect and is subsequently unavailable 
for visual processing. Also, a gaze shift towards the ipsilesional visual field (contralateral to 
the defect) tends to nullify the prism-effect. Therefore, visual field expansion is preferred to 
visual field relocation. This has been performed most successfully with the use of prisms. The 
prisms direct the input of the full visual field (180°-200°) to the non-hemianopic visual field, 
so that the full field is seen with that non-hemianopic visual field (around 90°-100°). This 
causes distortion of the central visual field, which can be counteracted by placing a full-width 
lens above or below central vision. Patients with spectacle-mounted prisms improve on 
some visuospatial tests but not on any daily-life activity (Rossi et al 1990).
3.2.2 Compensation. (Eye movement therapy). Relocating the visual environment can also 
be accomplished by making an eye movement (gaze shift) in the direction of the field defect. 
So, if someone has a left sided hemianopia, one cannot see or detect objects that are 
located in the left visual field. But if the eyes are moved leftwards, these objects will come 
within range of the unaffected, right visual field. This action therefore compensates for the 
hemianopic visual field. Although this seems the ultimate effective strategy for 
counteracting the impairment (e.g. Zihl 1980, 1981a+b; Pommerenke & Markowitsch 1989; 
Zihl 1995), it should be noted that:
3.2 Induced Recovery: three approaches in the treatment of HVFDs
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[1] although eye movements can compensate for the defect, the total visual field 
size is still much smaller than the visual field size of a healthy person. In the 
hemianopic case, scanning the visual environment must be accomplished with 
a visual field that is reduced in size. In many cases, this leads to scanning 
patterns that are characterised by unsystematic, irregular visual exploration; 
hypometria (movements fall short in reaching an intended object or goal), 
impaired visual orientation and difficulties in comprehending a scene as a 
whole after glancing over the visual environment quickly (Zihl, 2000).
[2] the majority of the patients does not adopt this strategy spontaneously, 
probably due to different levels of awareness of the defect (see §3.1.2.). There 
is clearly a period of spontaneous adaptation in which patients make 
increasingly larger saccades into their hemianopic field (Schofield & Leff, 2009; 
Pambakian, 2005a+b, 2000; Zihl, 2000), but only 40% of the patients develop 
oculomotor strategies that are sufficiently effective for visual field substitution 
(Zihl, 1995b).
Eye movement therapy is an effective compensation for the visual field loss. It usually 
involves patients practising the identification of objects in their blind and seeing visual fields. 
Interestingly, improvement in performance can often be observed after 20 hours of training 
(Schofield & Leff, 2009; Zihl, 2000). Some patients report significant functional 
improvements in subjective ADL questionnaires (Nelles, 2001). However, in the majority the 
effect is very task-specific. It hardly transfers to other visual functions and activities of daily 
life (ADL) (Schofield & Leff, 2009; Pambakian, 2005a).
A special variant of eye movement training is aimed at patients who have HVFDs, usually 
hemianopia, with a small macular sparing (central visual field of 5° or less) which leads to a 
specific text reading disorder in which the patient has problems to generate efficient reading 
saccades: hemianopic dyslexia. More than 70% of patients with HVFDs have a macular 
sparing of less than 5°. Hemianopic dyslexia is the consequence of damage at the visual- 
sensory level (as opposed to aphasic alexia). Leftsided HVFDs can cause problems with 
finding the beginning of a new sentence and omitting the prefixes of polysyllabic words, 
right HVFDs cause more severe problems in finding the end of words and lines and patients 
often omit the suffixes and read slowly, sometimes even letter-by-letter. When reading, the 
eyes make a fast movement (saccade) and then stand still for a very short time (fixation), 
during which a piece of text is actually read. Meanwhile, the next reading eye movement is 
subconsciously planned. For this we need the visual field that is located on the right of our 
central visual field. When this parafoveal field is disturbed because of a present HVFD, it 
prevents the patient from perceiving the word as a whole. Also, anticipatory planning can go 
wrong and disproportionate eye movements are made (either too small or too large), 
fixations are prolonged and parts of words may be skipped, because of which many 
regressions are made ('backward' eye movements). Training consists of rehearsing and 
improving the appropriate eye movements (e.g. Zihl 1990, 1988). However, because HVFDS 
concern the visual-sensory level, dissolving the HVFD (restoration; next paragraph) in a 
parafoveal area should also ameliorate reading. In this case, it is as if a curtain is drawn back
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a little bit, so that (part of) the parafoveal field can again be used for reading.
3.2.3 Restoration. The third method is visual field recovery through Restorative Function 
Training (RFT). This method is directed to restoration of visual function within the damaged 
visual field through systematic training with detection and localisation of light stimuli. 
Because this treatment variant is the subject of study in this thesis, it is discussed separately 
in the next paragraph.
4 RESTORATIVE FUNCTION TRAINING
Whereas optical therapies (substitution) and eye movement therapies (compensation) work 
by bringing stimuli from the damaged visual field into the intact visual field for processing 
and thus are compensatory processes, RFT is aimed at actually restoring visual functioning 
within the damaged visual field. In RFT, intervention is aimed at 'retraining' vision by 
requiring patients to practise detecting elementary stimuli that are presented to the 
damaged visual field. Retrained or returned vision in a part of the visual field can be 
demonstrated with perimetry, which will yield an enlarged visual field.
Perimetry is a subjective method because the patient has to report whether a stimulus is 
detected or not. In determining the size of a VFD (and thus of the visual field), gaze direction 
is of great importance. If the patient would deviate from the fixation point and turn the eyes 
towards an absolute VFD while a stimulus is presented within that VFD, then a positive 
response will follow. This could then by mistake be taken up as proof of a functional visual 
field area that in reality is a blind area. In case earlier perimetry showed blindness in that 
area, it may even be mistaken for recovery of that part of the VFD. Eye movements or 
eccentric viewing during perimetry that may confound the perimetry results has been a 
pivoting point in the discussions about the validity of RFT. Therefore, §4.1 describes in more 
detail how this aspect of gaze direction and eye movements during perimetry is taken into 
account in the studies described in this thesis. Another possible consequence of the 
subjective character of perimetry is that patients may show visual field enlargement (VFE) 
after training according to one method, but may fail to show the same enlargement 
according to another method (Reinhard, 2005). As a result, the fields of ophthalmology and 
neurology still hesitate to embrace RFT as a useful and valid rehabilitation method for partial 
cerebral blindness, although the idea of visual function restoration is more accepted now 
than it was 2 decades ago (§4.2 provides for a short historical overview of RFT).
4.1 Eye positions during perimetry.
Because adequate fixation control has been lacking in earlier studies, RFT has been criticised 
for a long time of producing unreliable perimetry measurements as a result of confounding 
eye movements. More specific, observed field enlargements were considered an artefact of 
these eye movements. To illustrate how this may occur, consider figure 1.10A. This figure
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schematically shows the visual field of a left sided hemianopic patient, looking straight 
ahead to Mount Rushmore (Keystone, South Dakota, USA). The gaze direction is symbolized 
by an 'x'. As becomes clear from the figure, this patient will not see George Washington on 
the far left (figure 1.10A). However, when the gaze direction is shifted to the left, towards 
the '+' location, part of George becomes visible. The left visual field now appears larger 
(figure 1.10B)
Figure 1.10. A: The view of a hemianopic patient looking at Mount Rushmore when the gaze is directed to the 
'X'. B: The view of the same patient when the gaze has shifted from the 'X' towards the '+'. (Figure adapted 
from: http://prezkennedy.org/modules/myalbum/photos/318.jpg).
Obviously, these gaze shifts will also yield larger fields during perimetry when only the 
border area is considered and the gaze shift is not taken into account. Indeed, many 
scientists considered VFE after training to be a consequence of such gaze shifts during 
perimetry (Balliet 1983, 1985; Horton 2005a+b; Reinhard 2005, Plant 2005). However, 
although the shifts most definitely 'produce' enlargements, the reverse -enlargements must 
be produced by gaze shifts- is not necessarily true. Kasten et al. (2006) and Mueller et al. 
(2007) reported that the VFEs they observed were not significantly correlated with eye 
movements. With this statement, they implied that observed field enlargements were not 
caused by possible eye movements towards the visual field defect during perimetry. It is 
important that they mention it, considering the well-known tendency of hemianopia 
patients to increase the number and amplitude of eye movements to both sides after RFT 
(e.g. Kasten et al 2006, Reinhard et al. 2005, Mueller et al. 2007) and considering the fact 
that repeated focusing of attention towards the VFD may change eye movement patterns 
through changes in expectations (Kowler & Steinman, 1981). However, absence of a 
significant correlation does not exclude the possibility that eye movements were made 
towards the visual field defect during a relatively small number of stimulus presentations, 
thereby contaminating the perimetry results. Therefore, the most precise measurement of 
visual field size would be based on responses made during accurate fixations only, while all 
responses made during inaccurate fixations are excluded from the perimetry measurement. 
This method provides for the best estimation of the true visual field size and it is applied for 
the first time in the study described in chapter 3 of this thesis. Finally, it is possible that - 
during training- a patient steadily fixates his/her gaze, but on a location that lies increasingly 
further from the fixation point of the perimeter, in the direction of the VFD (parafoveal 
fixation). The fovea is a part of the retina with the highest acuity, or in other words, with
26
which we can see the most details. However, the location on the retina that is preferred for 
focussing the gaze direction may shift on the retina (e.g. when the fovea itself is damaged). 
This means that a patient will actually look next to the fixation point to be able to focus on it. 
As long as this parafoveal fixation is steady, VFE can still be assessed reliably. If the 
(parafoveal) fixation shifts over time, then this shift should be taken in to account.
So, the eye positions during perimetry must be known in order to conduct perimetry reliably. 
However, as mentioned in §2.1.1, it is extremely difficult to interpret the patients' eye 
position with the experimenters' naked eye, using the Goldmann spy-glass. The reason for 
this difficulty is that, during central fixation, the gaze is directed directly at the centre of the 
looking glass and the pupil shows as a round disk. When the gaze deviates from the central 
fixation point, the pupil shows as an ellipsoid. With the naked eye, the transformation from a 
circle into an ellipsoid may go unnoticed until the gaze deviates 5° - 10° from the central 
fixation point, depending on the observer. To be able to reliably check central fixation, the 
blind spot must be mapped before each perimetry measurement and probed (the Heijl- 
Krakau method, see §2.1.2) a few times during all perimetry sessions.
4.2 A brief survey of RFT research.
4.2.1 The early days. The idea that restoration of function may be possible stems from 
experiments in primates with visual field defects: it has been shown that systematic practice 
with detection and localisation of light stimuli following experimental lesions in primary 
visual cortex of monkeys resulted in shrinkage of the VFD (Cowey, 1967; Mohler & Wurtz, 
1977; Zihl, 2000). Gilbert and Wiesel showed that the VFD shrinkage was accompanied by 
topographic reorganization at the cortical level: after brain damage they found "...immediate 
striking increases in receptive field s ize ." , that were ".large ly  due to synaptic changes 
intrinsic to the co rtex." (Gilbert & Wiesel, 1992). Spontaneous recovery of vision in both 
animals and human patients after brain damage has been observed and described 
abundantly (e.g. Hine, 1918; Bergmann, 1957; Hier, 1983; Zihl, 1994, 2000; Pless & Lessell, 
1996; Zhang, 2006; Poggel, 2007). All these studies stimulated researchers to find out 
whether patients with visual field loss after postchiasmatic injury could possibly benefit from 
systematic training that leads to 'shrinking' VFDs. Zihl and Von Cramon were the first to 
systematically examine the effects of specific perimetric training on visual field size in 
patients with HVFDs (Zihl & von Cramon, 1979, 1981, 1985). The results of their study, in 
which patients with postchiasmatic VFDs were trained by repetitive detection threshold 
measurements of the borderzone between the blind and the 'seeing' field, were later 
confirmed in other studies. These results were:
[1] In general, training led to significant shrinkage of the VFDs.
[2] These changes occurred during training sessions, but not between sessions, indicating 
that training caused the change in the VFD.
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[3] There is inter-ocular transfer of training effects, indicating the cerebral nature of the 
improvement. According to Zihl & von Cramon, VFE depends on the primary visual 
cortex (area V1).
[4] No significant change in the location of the 'blind spot' was observed during training. 
(see §2.1.2 Blind Spot Probing). Absence of change in the blind spot location indicates 
adequate central fixation.
[5] Attention during training may play an important role for visual improvement, thereby 
modulating the level of activation in striate cortex neurons.
[6] Great differences exist between patients: lesions and/or VFDs can either be small or 
large, so the amount of recovery can vary accordingly.
[7] The extent of VFE is independent of age and post onset time ('age' of the lesion).
Zihl & von Cramon further theorized that a critical level of neuronal activity must be reached 
for a visual function -such as light stimulus detection- to take place. This activity can be 
modulated by systematic external stimulation, which would improve the function. Usually, a 
large part of the VFD is a consequence of completely destroyed neurones, so there is no 
activation level to modulate. However, the transition from the VFD to the healthy visual field 
-o r  the border zone- is associated with brain areas that contain spared neurones. In these 
areas, there is some room for modulation of their activity and therefore, the border zone is 
target for training. This indicates the importance of preservation of a critical amount of brain 
tissue.
In the studies of Zihl and von Cramon, some 20% of the patients did not show any significant 
field size change and about 50% of the patients showed an increase of less than 5° (i.e. the 
border between the affected and the unaffected field shifted -on  the average- less than 5°). 
Around 30% of the patients showed considerable recovery by training, meaning that vision 
reappeared in a large part of a hemifield or quadrant. On average, VFE ranged from 3°-12° in 
these 30% of the patients. The studies lacked control groups (that would receive no 
training/placebo training/another training and that would show different or no results) 
which could have ruled out experimenter-biases. Also, patients were trained in the first 3 
months post-lesion, so that spontaneous recovery is likely to have contributed to the results 
(although no training effect was observed between training periods). However, the criticism 
that all observed enlargements were due to eccentric fixation (Balliet et al. 1983, 1985) 
could be ruled out by blind spot mapping. It is important to realize that there are certainly 
VFD patients who show an instable fixation or develop an instable fixation during training, 
but that this does not hold true for all patients. Besides this, most patients immediately 
improve fixation behaviour when they are instructed to do so.
The studies of Zihl and Von Cramon initiated many other studies in which the potential VFE 
after visual training was investigated. For example, while the earlier studies used white light 
as training stimulus, later studies introduced training with colour-, shape- or orientation cues 
(Kasten & Sabel 1995; Pothoff 1995). These studies also described some cases in which 
training-induced improvements were reached several years after a brain lesion occurred, 
showing that the effect of training could occur even when spontaneous recovery could be 
ruled out.
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The lack of control groups led Kasten et al. to adopt a placebo control-group design in 1998. 
Here, the experimental group showed significant VFE whereas the control group did not. 
Although this ruled out experimenter-biases and placebo effects, the used perimetry 
method, High Resolution Perimetry (HRP) showed different outcomes than the standard 
perimetry methods. In fact, the degree to which RFT effects can be generalized have scarcely 
been evaluated. Some studies used quality-of-life questionnaires to identify transfer-effect 
to activities of daily living or ADL. In some cases, subjective improvements that were 
reported by the patients after training showed a significant correlation with VFE (Sabel, 
2004; Mueller, 2003; Kasten 1998). However, correlations between questionnaire scores and 
VFE in other studies lack significance, because of which the reliability of such questionnaires 
is under debate (Roth, 2009; Pambakian 2004). Possibly, subjectively reported 
improvements in the absence of measurable improvements reflect the subjects' gratitude 
for received professional attention.
Still, it became clear that training-induced recovery is indeed possible and as a consequence, 
customised computer software was developed to administer RFT. One great advantage of 
this new method is that a much larger number of patients can be trained more intensively, 
because training is performed on a PC at home (Kasten 2000, 1999, 1998a+b, 1997, 1995; 
Poggel, 2004, 2001; Sabel, 2004, 2000; Mueller, 2003; Romano 2009, 2008). These studies 
showed that patients displayed VFE in conjunction with improved form - and colour 
recognition. Also, attentional cueing improved RFT effects, suggesting that directed visual 
attention is an important factor in function restoration.
4.2.2 An interesting debate. In 2005, an important finding initiated an interesting debate 
concerning the virtues of VRT: in a collaborative study of the Magdeburg research group 
(Sabel, Kasten and co-workers) and the Tübingen research group (Trauzettel-Klosinski and 
co-workers) VFE could be demonstrated using standard perimetry, but within the same 
trained patients VFE could not be demonstrated using a Scanning Laser Ophthalmoscope 
(SLO; Reinhard et al., 2005). SLO is a technique which is used to take images of the fundus 
(the retinal areas macula, fovea and optic disk) of the eye, but which was adapted in this 
study to perform microperimetry. The SLO method allows for displaying the retina, a 
stimulus and a fixation cross simultaneously on a monitor screen. The advantage of the 
technique is that the image is taken at the same moment that a stimulus is presented and 
fixation is central. This provides for a superior fixation control, because of which SLO was 
considered to be a 'golden standard' for perimetry. As a result, it was argued that the other 
perimetry measures that did show VFE probably did not appropriately correct for inadequate 
fixation. However, as recognised by the authors, it also turned out that with SLO relative 
defective areas cannot be detected. This is possibly due to the nature of the stimulus, which 
is a reverse stimulus (3 black dots) against a bright red (laser generated) background and 
which is probably a task beyond the abilities of a damaged visual system (Sabel, 2005). It 
appeared that SLO qualifies relative defects as being absolute defects. It therefore remains 
possible that improvements may have been in the nature of relative defects which would 
not have been detected by the SLO-method (Plant, 2005). The discrepancy between the 
different methods does, however, highlight an important feature of visual field recovery: the
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VFE that is found with standard or customised perimetry does not necessarily correspond to 
a normal visual performance. Whereas with a healthy, unaffected visual field complex 
reverse stimuli can be perceived, this does not automatically hold true for recovered visual 
fields (Sabel, 2006). Possibly, recovered field areas can be used to perceive near- or super 
threshold stimuli only. Of course, when a visual field area is transformed from a blind to a 
partially functional field by training, the patient may nevertheless gain considerably. For 
example, if a former blind field can be used to detect objects after training, the objects can 
be avoided without actually recognizing what it is. In other words, those patients that only 
recover in terms of detection can still be considered visually rehabilitated with RFT (Caplan 
et al., 2005).
4.2.3 New directions. After 2005, the focus of RFT-studies shifted from the question 
whether VFE can be demonstrated in the absence of eye movements to the question 
whether RFT truly benefits hemianopia patients and whether neural correlates of possible 
behavioural changes could be found.
For example, Sabel and colleagues studied a large sample (302 patients) and observed 
moderate to substantial VFE in 70% of the patients, which coincided with the patients that 
reported subjective improvement. Moreover, avoiding collisions with objects improved in 
these patients (Mueller, 2007). Kasten et al. studied the stability of VFE two years after 
training and found that there was no significant decline in the amount of detected stimuli (= 
steady VFE). They did find, however, that there are patients that need 'refreshment 
exercises' to prevent them from becoming patients with significant decline. On the average, 
VFE proved to be stable in the follow-up study.
In small sample studies, 2 Finnish research groups focused on studying changes in brain 
activity in order to find correlations with behavioural changes. The group of Laura Julkunen 
found increased subjective questionnaire scores and enlarged visual fields which could be 
associated with Visual Evoked Potentials (VEP) (Julkunen, 2003). In a later study, they 
applied RFT in a single-case study and observed VFE in combination with subjective 
improvement, both of which correlated positively with changes in brain activity as assessed 
with VEP and with Positron Emission Tomography (PET) (Julkunen, 2006). Both studies thus 
imply that RFT can induce (small) cerebral reorganisation which is reflected in VFE and in 
changed brain activity. The group of Lea Hyvarinen used Flicker Training in order to stimulate 
the blind field. As a result, temporal sensitivity of the VFD increased, which could be 
demonstrated using VEPs. (Raninen, 2006). In a second study, the same training was 
presented to a single patient. In this case study, the researchers showed that both the blind 
field and the intact field were now represented in the intact hemisphere, although training 
lasted much longer than in other studies (Henriksson, 2006).
Roth et al. went on to use the flicker training described above and compare it to 
Compensatory Saccade Training (CST). The flicker training was given as control measurement 
to contrast CST, but it was assumed to be blind-field stimulating. The authors stated that 
their training potentially was restitution training, so they actually wanted to compare RFT 
and CST. As expected, only CST induced a change in eye movement behaviour (more and 
faster saccades to the VFD) and no change in VFD itself. The flicker training also did not
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change the VFD, whereas it did in the study of Raninen et al. (Roth, 2009). However, as 
Julkunen mentioned when citing Kasten et al. (which Roth et al. do not), VFE is only expected 
to occur after some 50-100 hours of computer-assisted training is applied. In the study of 
Roth et al, Flicker Training (on a PC) took no more than 30 hours.
In recent years, some attempts have been made to introduce new variants of RFT. For 
example, Kasten et al. studied whether VRT would benefit from co-stimulation (training with 
more than one stimulus), which appeared to make no difference (Kasten et al., 2007). 
Stimulation deep into the defective field provided for additional detection sensitivity after 
'traditional' RFT (Hyvarinen 2002; Henriksson 2007; Raninen 2007; Sahraie, 2006; Jobke, 
2009). Sabel et al. applied non-invasive alternating current stimulation for the treatment of 
visual field defects in optic neuropathy. The alternating current stimulation induced small, 
but significant increases of stimulus detection rates in the experimental group but not in the 
placebo group in visual field examinations and visual acuity. The changes appeared constant 
at a 2-month follow-up (Sabel, 2009).
4.3 Possible mechanisms of recovery.
Our view on how the central nervous system (CNS) responds to injury has undergone large 
revision in the last decades. Previously, the CNS was considered to be hard-wired and unable 
to respond to injury other than by degeneration although it was recognized that behavioural 
recovery from brain damage was possible (Finger & Stein, 1982). To date, the 
neurobiological basis of that recovery is still very unclear but recently, Das & Huxlin (2010) 
provided for an overview of hypothetical mechanisms that could explain training-induced 
improvements of perception in cases of (partial) cortical blindness. Training could
(1) Stimulate spared islands of cortex within V1,
(2) Induce plasticity in spared perilesional V1,
(3) Reactivate damaged V1,
(4) Strengthen extrastriatal pathways or
(5) Recruit or inhibit visual areas in the intact hemisphere.
In turn, 'stimulation', 'reactivation', 'strengthening' or 'recruiting' itself need further 
theoretical explanation. For example, McMillan et al (1999) report that some degree of 
neurogenesis is possible in both animals and humans, as shown by Eriksson (1998), who 
provided post-mortem evidence for the neurogenesis of granule cells in the dentate gyrus of 
the human hippocampus. Other studies used animal models to describe 'axonal sprouting' 
and 'synaptic regeneration' in several structures in the CNS and its associated behavioural 
improvement (e.g. Muller, 1988; Kapfhammer, 1997; Ramirez, 2001; Deller, 2006). An axon 
or nerve fibre is a long, slender projection of a nerve cell (neuron), which conducts electrical 
impulses away from the neuron's cell body to its terminals where it connects with dendrites 
of other neurones by forming synapses. Axonal sprouting is outgrowth of new axon 
collaterals from surviving neurons (collateral sprouting) which means that connections
31
between neurones are strengthened or renewed. These studies describe a single 
mechanism, although it is probably too naive to assume that a single mechanism could be 
responsible for recovery from injury. Still, in 1997 Sabel et al. produced an -admittedly 
oversimplified- model of postlesion neuroplasticity in the partially injured visual system that 
was, amongst others, based on the mechanism of axonal collateral sprouting and increased 
efficiency. The model describes in a crude way how this mechanism of reorganisation can 
lead to (partial) recovery of vision through adaptation of the surviving neurones (Sabel 
1997). Due to the relatively fixed visual topography in the primary visual cortex, field 
recovery through restitution should be limited when lesions are restricted to the striate 
cortex. This led to the suggestion that RFT partially resolves a 'bottleneck' in the retino- 
geniculo-cortical pathway during training so that the undamaged higher cortical areas 
receive enough information again to perform normally (Kasten, 2000). It is conceivable that 
such a mechanism also applies to the reciprocal connections between the primary visual 
cortex and higher visual brain areas.
Another proposed mechanism of reorganisation is the principle of the 'enlarged receptive 
fields'. This means that neurones that were responsive to a small visual field area, become 
responsive to larger visual field areas after a lesion.
'Axonal sprouting', 'synaptic regeneration' or 'enlarged receptive fields' are all small-scale, 
local changes. An example of larger scale reorganization is recruitment of alternative routes 
or structures (Sahraie, 2007). This means that a brain region takes care of a function that 
first belonged to another brain region, which was lost due to a lesion. This is for example 
described by Henriksson et al: they found that after an intensive training, visual information 
from both hemifields were processed mainly in the intact hemisphere. Thus, a brain area 
that processed one hemifield only, now processed both hemifields (Henriksson, 2007). A 
more recent approach to enhance visual functions is the so-called 'blindsight' paradigm 
(Stoerig, 2008; Chokron, 2008). Blindsight (or non-conscious vision, see §3.1.2: 'spontaneous 
adaptation') can be used for purposes of rehabilitation of visual field defects by stimulating it 
using forced-choice visual tasks in the "blind" field in hemianopia patients. Both this 
paradigm and the paradigm that was used in the study described in this thesis are based on 
stimulating a large part of the blind area.
The current models are incomplete and can only partially account for VFE that is observed in 
several studies. However, they do provide for the important insight that the brain can show 
plasticity after it has been damaged. Additionally, hypotheses about mechanisms of recovery 
can provide new grounds for new training strategies (e.g. using moving patterns instead of 
static stimuli in case research would show a large involvement of V5/MT in VFE)
4.4 Prognostic indicators.
Because visual field recovery is not observed in approximately 30% of all patients and 
because RFT is quite laborious, the search for prognostic indicators of such a recovery would 
be the most relevant strategy from a rehabilitative perspective (although not necessarily 
from a researcher's perspective). The most likely candidates for significant VFE are patients
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who have incomplete lesions of visual cortex or optic radiation (Zihl & von Cramon, 1985) 
and who show residual processing of visual stimuli within the VFD, which means that part of 
the VFD is a relative defect. Standard perimetry can be used to identify relative defects. It 
must be realized, however, that standard perimetry is a subjective method: the patient must 
report what is perceived and thus can only report what is perceived consciously. As 
mentioned in §3.1.2, there appear to be various degrees of awareness of the visual field 
defect by their 'owners' (Zihl, 2000). So, although some residual vision may be present, this 
may remain unnoticed by the patient during standard perimetry. The full range of residual 
processing might be made better visible with functional magnetic resonance imaging (fMRI) 
because this technique does not rely on 'conscious' perception, but measures correlates of 
neuronal mass-activity. Thus, patients with a relative defect can be subjected to a fMRI- 
study to evaluate whether visual stimulation in the VFD yields significant activations in visual 
cortex (Miki et al 1996). According to Sabel et al, 10% of residual tissue in a lesioned cortical 
structure may suffice to enable near-normal performance of this structure (rat model; Sabel, 
1997). fMRI might serve to identify those patients where this minimal residual structure is 
still present. Because not everybody is allowed in a MRI-scanner (e.g. because someone has 
metal implants, wears pacemakers, internal electrodes, clips or prostheses or is pregnant) or 
is otherwise unable to undergo scanning (e.g. in case of claustrophobia), alternative 
methods to measure brain activity are warranted. Perhaps Visual Evoked Potentials (VEP, an 
EEG-variant), PET or even Magneto-encephalography (MEG) measurements could serve as 
such an alternative non-invasive technique. However, the potential of these non-invasive 
techniques to serve as screening tool for patients has not yet been studied.
5 MOTIVATION FOR THIS STUDY.
After training my first patient in 1995, I was struck by the fact that VFE could be 
accomplished by repetitively measuring detection thresholds within the VFD. While this 
could be confirmed in other patients, it also immediately became clear that RFT (the term 
that I would introduce later to refer to the training), would not be implemented in 
rehabilitation settings before it had been be piloted by a test-implementation in a 
rehabilitation setting. However, to successfully implement a rehabilitation method in a 
rehabilitation setting, there must be good reasons to do so. Therefore the following main 
research questions were raised to scrutinize the training method 'in the lab':
1. What are the characteristics of VFE after training/how useful is the regained visual 
field area? (Chapter 2)
2. How does VFE develop during training and is VFE development 'contaminated' by eye 
movements? (Chapter 3)
3. Can we determine any transfer effects from visual detection to other visual functions 
or visually guided motor-tasks? (Chapter 4, 5)
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4. Can we identify a psychophysical indicator for significant performance gain? (Chapter
4, 5)
5. Can we identify a cortical indicator for significant performance gain? (Chapter 6)
6 OUTLINE OF THE THESIS.
In this thesis, I describe the experiments that were done in order to assess whether 
treatment of hemianopia by RFT can lead to visual field recovery in patients with acquired 
brain damage and, if it does, to what degree.
Chapter 1 introduces the concept of visual field defects, its origins, its consequences and its 
possibilities of recovery, both natural and training-induced.
Chapter 2 describes the experiment that was carried out to define the properties of the 
regained visual field after RFT. The aim of RFT is visual field enlargement, but the next 
important question is: can the VFE be used for other visual functions than mere processing 
of the trained white stimulus? In other words: what is the quality of the visual field area that 
was regained after training in terms of elementary visual functions? Spatial properties of the 
regained visual field area were tested by measuring peripheral acuity (instead of central 
acuity, which is what is generally known as 'acuity'). Temporal properties were tested using 
a CFF paradigm: a stimulus is flickered on and off with increasing frequency. The dependent 
variable is the frequency at which the flickering stimulus merges into one stable stimulus. As 
a third property, colour perception was measured. Spatial and temporal properties were 
compared to measurements in control subjects and on corresponding locations in the 
contralateral unaffected fields; colour perception was compared only to perception on 
corresponding locations in the contralateral unaffected visual field. It was observed that 
after training, all these three measures showed values that are comparable to normal values, 
indicating that the regained visual field area is actually used for processing visual information 
and that VFE is not restricted to the stimulus that was used for training.
Chapter 3  describes how VFE develops during training. To be able to observe a day-to-day 
development of stimulus detection, patients were trained personally (as opposed to PC 
training at home) on a daily basis. We found that during training, the visual field enlarges 
gradually. Apparently, the visual field area that is potentially sensitive for recovery does not 
recover homogeneously. Areas that are close to the border between the healthy and the 
affected healthy visual field recover first. In a later phase of training, a more peripherally 
located area recovers. Still later, an even more peripherally located area recovers and so on. 
This is somewhat to be expected when one realizes that the area between the healthy and 
the blind visual field usually is an area of residual function which shows a gradient. So, next 
to the healthy field, visual function is slightly reduced, whereas next to the blind area it is 
profoundly reduced. This has important therapeutic implications: training can be directed to 
the border area alone and stimulus locations can 'travel along' with the shifting border
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during training. This enables the patient to give many positive responses which will serve 
motivation to keep up with the training regime.
Chapter 4 describes an experiment in which we studied how colour and shape perception 
and reading speed change as a result of training. In a group of 12 patients, reading speed 
was measured. 9 patients showed VFE of whom 7 showed a significant increase in reading 
speed. From this group of 12 patients, we studied colour- and shape stimuli discrimination 
in 7 patients. 6 patients showed VFE of whom 3 patients showed a significant increase in the 
proportion correctly discriminated colour- and shape stimuli. The proportion of patients that 
show VFE concurs with results from other studies: about 75% of the patients show VFE after 
training. However, VFE does apparently not always lead to (significant) behavioural change. 
To establish when a VFE leads to improvement, a measure was developed that expresses 
VFE as estimated cortical surface gain (ECSG) in mm, which standardizes the VFE over all 
eccentricities. Next, VFEs were classified in either of two categories: VFEs resulting in 
significant performance change and VFEs resulting in non-significant performance change or 
no change at all. The threshold beyond which significant performance change can be 
expected is an ECSG of about 6 mm cortex. This cortical measure was subsequently 
compared to the Average Border Shift (ABS) in degrees to assess which of the two best 
distinguishes patients with and without significant change in performance. It appears that 
ECSG can better distinguish these groups and is therefore a better description of VFE than 
ABS.
Chapter 5 is a description of the link between VFE and behavioural measures, instead of 
elementary functions. We studied how oculomotor behaviour in a driving simulator is 
modulated by visual training of hemianopia patients. It appeared that some patients 
increase saccades towards their HVFDs in the driving simulator. We again converted VFE into 
ECSG and observed that the 2 patients with the largest VFEs also showed significantly 
changed oculomotor behaviour, which -a t a trend level- also improved driving performance 
in the simulator after training. In this experiment, the threshold VFE appeared to be about 
10 mm cortex. However, the conversion to ECSG was initially based on the central, 
horizontal VFE only. In chapter 7 (Discussion), the conversion of VFE to ECSG for the 6 
patients in the car driving study is recalculated according to the calculation described in 
chapter 4 (thus, for the whole trained field). When this was done, the threshold was found 
to be somewhere between 4 and 7 mm, which fits the calculation in chapter 4, that puts the 
threshold VFE at about 6 mm.
In Chapter 6 an fMRI experiment is described. It was our first attempt with a small group of 
patients (n=8) to find out whether training effect can be made visible in the brain. At the 
same time we wanted to find out whether an fMRI Retinotopic Mapping procedure in 
conjunction with traditional, subjective perimetry could serve as a predictor for expected 
training effect. Predicting VFE would be based on the assumption that presence of brain 
activations (objective fMRI perimetry) related to a visual field area of which the patient 
reports to be 'blind' (subjective Goldmann perimetry) represents potential for training. We 
find some significant changes in activation of some voxels in V1, V2 and V3. These are,
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however, not enough to account for the found perimetric VFEs.
Although we have found changes in receptive field locations and sizes that could return 
vision to a small portion of the visual field in patients with cerebral blindness, we found no 
evidence for extensive representation of the regained visual field before or after training. So, 
we did not observe changes in early visual field maps that could account for large increases 
in visual field that were observed in some patients, which means that we could not prove 
the existence of residual capacity in early visual field maps.
In Chapter 7 all results of the previous chapters are discussed (General Discussion) and some 
speculations are given concerning how RFT leads to VFE. Also, a brief outlook on future 
research is presented.
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Abstract.
Purpose: to study the quality of the visual field areas that were regained after training. In 
those areas, we measured some of the elementary visual properties that make up the 
quality of visual functioning in daily-life. This was to provide information about whether the 
functional visual field had been enlarged.
Methods: Patients with visual field defects after a CVA were trained to detect stimuli 
presented in the border area of the visual field defect. Then, in the regained areas, we 
measured visual acuity as a measure for spatial properties. Secondly, to assess for temporal 
properties we measured critical flicker frequency (CFF). Finally, we studied colour vision as a 
third property of the regained areas.
Results: since we could not predict where restoration of visual fields would occur, it was 
unclear where to perform the pre-training measurements and, consequently, we did not 
present pre-post comparisons. However, despite the fact that training was carried out with 
the use of stationary simple white light stimuli, we could assess acuity, CFF and colour vision 
in the regained areas. The performance of the patients during testing of the elementary 
properties appeared to be almost normal when compared to control subjects and 
comparable to the patient's own ipsilesional visual field.
Conclusions: These results support the idea that the regained visual fields that emerged 
after training can actually be used for other visual functions than processing the stimuli that 
were used during training.
Keywords: Cerebral blindness, visual quality, visual training, rehabilitation, recovery
Introduction
Cerebral blindness is a condition in which a person suffers from visual field defects due to 
damage in the brain. Often, the consequence is a homonymous hemianopsia in which half 
the visual field is affected in both eyes. In the last decade, visual restoration training has 
been proposed as a method for VFE and a substantial number of studies show that this 
training can lead to enlargement of the responsive visual field (e.g. Julkunen, 2003; Kasten, 
1995; 1998 a,b, 1999, 2000, 2001, 2006; Poggel, 2001, 2004, 2006; Sabel, 2000, 2005; Werth, 
1999; Zihl, 1979 1990). In our own studies, we also found that visual detection training 
resulted in partial recovery of affected visual fields (Van der Wildt, 1998; Bergsma, 2000). 
However, these findings could not be confirmed in some other studies: VFEs after visual 
restoration training were not found (Reinhard, 2005) in these studies and the virtues of the 
training are therefore still not uniformly accepted (Horton 2005 a,b; Plant 2005). Saccadic 
eye movement training has also been applied as a method for expanding the visual field 
(Nelles, 2001; Zihl, 1981, 1986, 1995, 2006) and again, some researchers did not observe VFE 
(Zihl 1986, 1995).
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For implementation of visual training in a rehabilitation clinic, it is important to know what 
the visual properties are of the visual field parts that have been regained after visual 
detection training. This quality is relevant for defining the usefulness of these regained visual 
fields in daily-life situations and thus the degree of visual rehabilitation after training. For 
example, in addition to describing field enlargements after training, researchers have also 
studied transfer of vision restoration training effects to colour and form perception. In 
particular, Kasten and co-workers described this transfer to form and colour perception in 
detail (Kasten, 1998, 1999, 2000; Poggel, 2001). Pothoff (1995) described how training with 
specific stimuli (colour, white light and gratings) leads to field enlargements for those 
specific stimuli. The goal of the present study was to obtain evidence of the possible 
usefulness of a regained visual field area after training. We therefore studied three 
elementary visual functions in the regained areas of three trained patients. These were: (1) 
visual acuity, as a measure of spatial resolution of the visual system, (2) critical flicker fusion, 
as a measure of temporal resolution of the visual system and (3) colour identification. The 
regained area was defined using a Goldmann perimeter.
Methods
Subjects
Experimental subjects (patients) were all volunteers that were screened only to the degree 
that they had a visual field defect as a consequence of their brain damage and that they did 
not have other, confounding disabilities that rendered training impossible, such as sensory 
aphasia or visuo-spatial neglect (assessed with the Line-bisection task). Also, colour vision 
should be unaffected in healthy visual fields, which was confirmed by the fact that the 4 test 
colours could be correctly identified both in the ipsilesional field and the spared areas of the 
contralesional field. Control subjects were six healthy individuals: 4 males and 2 females 
(table 2.1). Control subjects are denoted as C1 to C6.
Training
Training was carried out monocularly, because we wanted to be able to monitor fixation 
visually. To do so, the eye under examination had to be placed centrally in the perimeter so 
that it is visible to the experimenter. We also needed to train monocularly to enable blind 
spot mapping, which could serve as a calibration of central eye fixation. A training session 
took 30 minutes for each eye. Patients were trained by repeated trials of detection threshold 
measurements in the affected parts of the visual field. For presentation of stimuli a manually 
operated Goldmann perimeter was used, so that the stimuli could be presented very 
precisely on fixed retinal locations. Training on a Goldmann perimeter also provided for 
continuous monitoring of patient reports about visual perception of stimuli during all 
training sessions. Finally, the Goldmann perimeter is considered a standard in detecting 
visual field defects in cases of hemianopsia, glaucoma and macula degeneration (Mills, 2007; 
Riemann, 2000; Smith, 1987; Stewart, 1995; Wong, 2000). The stimulus, presented against a 
white background, was a white, circular shaped patch (Goldmann stimulus size IV: 0=1°). The
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luminance of the background was set at the standard 31.5 asb1. The luminance of the 
stimulus was increased with steps of 0.1 log unit change, starting with a luminance 
increment of 12.5 asb. (=4 cd/m2) up to an increment of 1000 asb. (=318 cd/m2). Patients 
had to respond whenever a peripherally presented stimulus was detected while fixating 
centrally. Because we wanted to stimulate the affected visual field, stimulus detection was 
not established elaborately, e.g. by a staircase method. We did not need to know the exact 
threshold values, because these stimulations were used for training purposes. The training 
effect itself was derived from Goldmann dynamic perimetry according to the methods 
described by Frisen (1990). For dynamic perimetry we again used Goldmann stimulus size IV 
with maximum luminance (4e = 1000 asb.) against a constant background luminance of 31.5 
asb. The stimulus was moved from the blind field in the direction of the seeing field. 
Dynamic perimetry was carried out perpendicularly to the visual field border on 10 different 
locations for patients WV and MS and was repeated 2 times at each location. Because of the 
irregular shaped VFD in patient LV, the dynamic test stimulus was moved from the periphery 
to the fixation point on 25 meridians in the left visual field. LV had to report the appearance, 
disappearance and reappearance of the stimulus. Measurements were repeated 2 times on 
every meridian to minimize intra-examiner variability. It should be mentioned that 
Goldmann dynamic perimetry is limited due to the fact that it is also prone to low inter 
examiner reliability, when compared to automatic perimetry. Therefore, perimetry was 
carried out by one examiner, who carefully followed the perimetry instructions laid out by 
Frisen (1990).
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1. WV M 52 4 yrs 55 Infarction in left a. carotis Homonymous Hemianopia Right
2. MS M 50 2 yrs 40 Stroke in left parietal lobe Incomplete Hemianopia Right
3. LV M 48 5 yrs 40 Vertebrobasilar stroke Incongruous Hemianopia Left
4. C1 F 16 - - None Healthy
5. C2 M 23 - - None Healthy
6. C3 F 24 - - None Healthy
7. C4 M 25 - - None Healthy
8. C5 M 42 - - None Healthy
9. C6 M 62 - - None Healthy
Table 2.1 Subject Sample
1 Asb = Apostilb. Approximately 10 cd/m2.
40
During the training period, fixation was monitored visually, so that visible eye-movements 
could be detected. Before starting perimetry, the boundaries of the blind spot were 
measured to calibrate the gaze direction of the patient so that we could reliably monitor 
fixation. After calibration, fixation deviations of 2° and more can easily be detected. Patient 
1 received 55 sessions of training, patients 2 and 3 received 40 training sessions of about 1 
hour respectively. These different amounts of training reflect the different moments at 
which training seemed to have reached its maximum effect. Training was carried out once a 
week. After all training sessions were completed, we measured three basic visual properties 
in the regained areas that had been formed in the visual field.
Testing
A. Peripheral Visual Acuity was used as measure for the spatial properties of the regained 
field. We could not carry out a pre- vs. post-training comparison, because we could not 
predict which areas were likely to improve prior to training. Instead, a post-training 
measurement of a visual property was collected in a visual field area in which there was no 
light-detection before training. According to several researchers, training with white light 
stimuli improves colour and form perception (Kasten, 1998, 1999, 2000; Poggel, 2001). 
Measuring acuity can be thought of as measuring form perception, so a VFE after training -  
which has in essence recovered white light stimulus detections in the enlarged area- should 
be reflected as measurable acuity (improvement) in those areas as a result of transfer of 
training effect. With increasing eccentricity, visual acuity decreases so quickly that after 15° 
it can hardly be measured. Therefore, we measured acuity in the regained area at 
eccentricities 2.5°, 5°, 10° and 15°. Because acuity is independent of the meridian it is tested 
at, we were able to choose test eccentricities that were located in regained area. Peripheral 
visual acuity was measured under photopic conditions as a confrontation test.
Single Landolt's C's of different sizes were presented binocularly on different eccentricities 
with a maximum of 15° in both hemifields. The centre of the 'C' was placed on the test 
location. All 4 orientations of the 'gap position' in the C were presented. A 100% score on 
presentation of a 'C' led to presentation of the next test stimulus: a smaller size 'C'. The 
smallest 'C' of which the patient could detect the gap position in all orientations determined 
the acuity at the eccentricity under scrutiny. Fixation was monitored visually.
B. Critical Fusion Frequency (CFF) was used as a measurement of the temporal properties of 
the visual system. Here, we measured the frequency at which a flickering on/off modulating 
white stimulus (diameter 1°) fuses into a continuous stimulus. The CFF was measured at 
eccentricities 10° 20°, 30° and 40° with increasing and decreasing frequencies. Averaging 
these two values determined the CFF for the eccentricity under scrutiny. Stimulus contrast 
with the background was set at its maximum. Tyler (1987) showed that CFF is quite 
independent on the meridian it is tested at, so we were again able to choose test 
eccentricities that were located in regained area. A Tübinger perimeter was used for
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presentation of the stimuli. The difference that can be found between automated static 
perimetry (short stimulus presentations) and manual dynamic perimetry (long stimulus 
presentations) in showing the training effect of a single patient, gave us the impression that 
a hemianopic patient is not able to process very short stimulus presentations in affected 
visual fields. This could be caused by different temporal properties of these fields, which in 
turn led us to expect that the CFF would be lower in the affected visual fields. The stimulus 
was presented in the regained and the unaffected areas, so the patient had to observe the 
stimulus peripherally.
C. Colour Perception. Coloured light stimuli were also presented in the regained areas of the 
visual field. Standard colour stimuli of the manual Tübinger perimeter, presented with 
maximum luminance, were used as test stimuli. The stimuli were circular shaped (diameter 
1° of visual angle) in the colours green, red, yellow or blue. The patient had to name these 
colours with peripheral view. Based on other investigations (Kasten, 1995, 1998 a+b, 2000), 
we expect to see transfer of the white stimulus training effect to colour perception. 
Therefore, we expect colour stimuli to be identifiable in the regained areas. Acuity and CFF 
were tested binocularly because this resembles daily-life performance more than monocular 
findings. Visual fixation monitoring was therefore somewhat more difficult but as can be 
seen in figures 2.1 and 2.2, both the acuity curve and the CFF curve have their maximum at 
the fovea, suggesting that fixation was carried out properly. Colour identification, however, 
was tested monocularly. Because colour identification is difficult to quantify, the only way to 
present the results is to place them in the graphs of the patients' visual fields. For obvious 
reasons, it was therefore necessary to measure patient LV monocularly (see figure 2.5). We 
did the same with the other two patients, but in their case, both monocular findings were 
virtually identical and thus resembled the binocular fields.
Control measurements
The results of the measurements of the three basic visual properties in the regained fields 
were compared with measurements of the same visual properties in the contralateral, 
unaffected visual field. So the patients were their own control subject, which enabled a 
perfect match. The results are also compared with the performance of 3 healthy control 
subjects (C1, C4 and C6) in the case of Critical Flicker Fusion, and to the performance of 6 
healthy control subjects (C1-C6) in the case of Peripheral Visual Acuity (see table 2.1). The 
ages of the control subjects ranged from 16 to 62. It could be argued that age effects make 
comparison troublesome. Klein et al. (1996) show in their study that decreased visual acuity 
(20/40 to 20/200) is a common finding among individuals older than 75 but persons of 43­
54 years have 78 times less chance of the same decreased visual acuity. A study of Attebo 
(1996) mentions decreased visual acuity in 0.8% of individuals between 49 and 54 and in 
42% of individuals older than 85. A thorough study of Frisen (1981) considers all ages 
between 11 and 75. Their data suggests that acuity declines from the age of 25. This decline
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is 0.3 (Snellen decimal) between 25 and 60 years. Only after the age of 60 the decline was 
stronger. All control subjects and patients in this study have central acuity of 0.7 or higher, 
so we do not need age-correction and we assume they can be compared. Essentially, the 
same applies to CFF: in a study population of 130 subjects, aging 9 to 86, the mean CFF of a 
stimulus with 1° diameter changed from 34 Hz to 31 Hz. Around age 60, these values are still 
at 33 Hz (Lachenmayr, 1994). Tyler (1989) showed that there is a clear age effect for contrast 
sensitivity in flicker perception, especially for the higher frequencies. In our test, the flicker 
stimulus was set at the maximum luminance so that this age effect for sensitivity is 
minimized. Age-effects cannot be ruled out, however. As can be seen in Figs 2.1 and 2.2, the 
control measurements are averaged into one curve. The average age of the control group is 
32 years. Since our experimental subjects are 48, 50 and 52 yrs, respectively, one could 
argue that the performance of the subjects is actually somewhat underestimated when 
compared to the control group. We therefore argue that our control group, albeit 
widespread in age, can be used for comparison with our patients. In colour perception, 
persons of increasing age can start confusing colours (white/yellow, purple/dark red, dark 
blue/black). However, our patients were all able to correctly identify the colours used in 
their unaffected field. Thus, with respect to this variable, patients serve as their own control.
Results
Peripheral visual acuity
We chose peripheral acuity as first measure of regained visual field quality because it is an 
important measure of general visual functioning. As mentioned in the Methods section, 
acuity was measured binocular because it resembles daily-life performance more closely 
than monocular testing. The peripheral acuity performance of patients 1 (WV), 2 (MS) and 3 
(LV) are shown in Fig. 2.1. The solid line with the error bars depicts the mean performance of 
6 control subjects (C1-C6). The size and location of the regained visual fields are shown in 
Figs 2.3-2.5 as gray areas. Figure 2.1 shows that the acuity performances of the patients are 
in general comparable to the performance of the control subjects, although central acuity is 
somewhat low for patient MS. Peripheral acuity values in the hemianopic visual field are 
significantly lower than normal peripheral acuity, as can be seen by the error bars of the 
control measurements. These asymmetries in the patient curves show that acuity in the 
regained visual fields is clearly not comparable to normal acuity and that it is also worse than 
the premorbid performance, as shown by the acuity values on the unaffected side. However, 
acuity could reliably be measured in the regained areas, implying that these areas can be 
used for (rudimentary) form-perception.
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A c u it y  a s  a function o f E c c e n t r ic i t y
20  -10 0 10 20 
E c c e n t r ic it y  (degrees o f visual angle)
Fig. 2.1. Peripheral Visual Acuity. Acuity expressed as Snellen decimal. Eccentricity is displayed in degrees. The 
bold curve with error bars indicates the mean performance of the control subjects. The other curves indicate the 
performance of the patients. Eccentricities with a minus sign are in the Left Visual Field. Error bars depict 1 S.D. 
WV and MS have affected fields on the left side, MS had affected fields on the right side.
Critical fusion frequency
The second variable, CFF, gives an impression of the temporal characteristics of the regained 
areas. Figure 2.2 shows the CFF-performance of the 3 patients and the averaged 
performance of subjects C1, C4 and C6. The curves show at what frequency a flickering 
stimulus fuses into a continuous, non-flickering stimulus at different eccentricities. As with 
peripheral acuity, the CFF performance of the patients is comparable to the performance of 
the control subjects when central CFF and peripheral CFF in the unaffected visual field are 
considered. In the affected visual field the CFF values are significantly lower than normal, as 
can be seen by the error-bars. As with acuity, these asymmetries in the patient curves mean 
that performance in the regained visual fields is not comparable to normal performance, 
which is based on the performance on the unaffected side and the performance of the 
control subjects. So, a CFF could be measured in the regained areas, implying that these 
areas can be used for processing fast changes in visual information, but not as quickly as in 
normal vision.
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F lic k e r Fusion as a function o f
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Fig. 2.2. Critical Fusion Frequency. Eccentricity in degrees. The bold curve with error bars indicates the mean 
performance of the control subjects. The other curves indicate the performance of the patients. Eccentricities 
with a minus sign are in the Left Visual Field. Error bars depict 1 S.D. WV and MS have affected fields on the left 
side, MS had affected fields on the right side.
Colour perception
Another way to qualify visual performance in the regained areas after training is to observe 
the ability to recognize colours in those areas. Patients had to identify the peripherally 
presented stimulus colour while fixating centrally. These verbal responses were compared to 
the reports of the same patient of stimuli presented in the contralateral stimulus locations. 
The reason for this is that at a certain eccentricity the perception of colours changes, and 
this is also true in healthy subjects. However, because this distance can vary from one 
person to another, the comparison between the two conditions had to be carried out for 
each subject individually. In Figs 2.3-2.5, the grey areas are the regained areas. In these 
areas, coloured stimuli were presented after the training period. Test colours presentation 
was repeated on 5 different days. The locations at which the colours were presented were 
unchanged within each subject but differed between subjects depending on the location of 
their visual field defects. The '+'s indicate locations with normal colour perception as 
compared to control measurements. Normal colour perception means that 100% of the 
stimulus presentations were identified correctly. At the locations, 100% of the presented 
stimuli were detected, but colour perception was impaired (patients report yellow and green 
as white, red as orange or yellow, blue as dark green or black) or absent (stimuli are grey or 
'have no colour'). The fact that patients reported these aberrant colours implies that they 
did not give their response on the basis of non-equiluminance of the test targets.
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Fig. 2.3. Patient WV. (Homonymous Hemianopia). (A): OS (left eye). (B): OD (right eye). Black areas: absolute
defect or non-responsive areas after training. Grey areas: regained areas after training. '+': normal colour
perception. '-': impaired or absent colour perception.
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Fig. 2.4. Patient MS (Incomplete Hemianopia). (A): OS (left eye). (B): OD (right eye). Black areas: absolute defect
or non-responsive areas after training. Grey areas: regained areas after training. '+': normal colour perception.
'-': impaired or absent colour perception.
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Fig. 2.5. Patient LV(Incongruous Hemianopia). (A): OS (left eye). (B): OD (right eye). Black areas: absolute defect
or non-responsive areas after training. Grey areas: regained areas after training. '+': normal colour perception.
'-': impaired or absent colour perception.
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Figure 2.3 shows the colour identification of WV. As can be seen, most stimuli are identified 
correctly. Only those stimuli that were presented near the visual field border with the blind 
area were identified incorrectly (stimuli were reported to be perceived as white or 'greyish 
white'). So while the performance in the regained areas is not as good as it is in the 
unaffected areas, it is comparable, and for the most part the area can be used for colour 
identification. Figure 2.4 shows the colour identification results of patient MS. Here, a part of 
the regained field after training revealed a peculiar characteristic: in this area, patient MS 
could never decide if a stimulus had been seen or not. As a consequence, neither a positive 
nor a negative response was given. This concerns the regained area where '- 's  are shown. 
The '+'s in the rest of the regained fields depict normal colour recognition. However, when 
patient MS was urged to respond quickly his responses showed great improvement: colours 
were named correctly in more than 75% of the trials. To the perception of patient MS, 
however, these responses seemed to be unreasonably wild guesses since there was 'no 
information to work with'. In other words, patient MS showed improved performance on the 
basis of unconsciously processed visual information, or 'agnosopia'. Unfortunately, the 
unawareness of the visual information made it impossible for patient MS to learn to respond 
to it spontaneously (he remained unaware of the stimuli in this area), and '- 's  remained the 
result in this part of the regained visual field.
As can be seen in figure 2.5, patient LV has a very irregular visual field: an incongruous 
hemianopsia. Figure 2.5(A) concerns the left eye (OS), figure 2.5(B) concerns the right eye 
(OD). Again, black areas are absolute visual field defects, in which the patient does not 
respond to the stimuli used. The grey areas are the regained areas after training. There are 
actually only two areas in OD and OS that show '-'s. In the majority of the regained area, 
colour perception is normal.
Discussion
In our study of visual restoration training effects on the size of the visual field we found that 
the visual field border between the intact and the defect visual field shifts into the direction 
of the defect after training, i.e. our study confirms the findings of other studies, which 
showed that the training can enlarge the visual field. In this paper we describe the degree to 
which the visual field area that is regained by training can be used for visual functioning. The 
visual field was enlarged by training with white light stimuli and the transfer of training 
effects to the perception of other stimuli was tested. This quick glance into the visual quality 
of the regained areas should give us a general insight in their degree of usefulness. How this 
usefulness is related to improved visual functioning in daily life should be answered by using 
additional questionnaires or real-life observations. We described 'visual quality' in terms of 
three basic visual properties, namely spatial properties (peripheral acuity), temporal 
properties (peripheral CFF) and colour perception, and found that the performance of the 
patients for these functions was in general comparable to control measurements, although it
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was evident that in the regained areas, performance was still slightly impaired. The 
properties in the regained areas were of such quality, that one could argue that visual 
functioning in these areas is more than just detection of contrast or contrast differences (the 
training stimuli): patients can distinguish different colours, see fast luminance changes and 
show peripheral acuity with a resolution that is large enough to be useful in daily life. These 
results support the idea that the functional visual field is actually expanded by this training, 
because these three functions are well measurable in the visual fields that were regained 
after training, while there was no response to pre-training presentations of stimuli in the 
same visual field areas. In other words, the training produces a visual field that could well be 
used in daily life. Since in all measured functions there is an asymmetry across the visual 
hemifield, performance on these measures is clearly not exactly the same as the assumed 
pre-morbid levels (as measured in the non-affected visual field), or as the measurements in 
the control subjects. However, the presence of visual functioning in the regained areas, 
albeit diminished, could be enough to support general visual behaviour. As long as there is a 
peripheral signal, the patient could turn eyes, head and attention towards the signal, so that 
it can be processed with central vision. It also became clear that, although the type of visual 
field defect was varying, a training effect was found in each patient. Also, after training there 
appeared to be transfer of training effect to the perception of other test stimuli. An 
explanation for these observations could be that the patients are learning something during 
training that has an effect on other perceptional processes. Visual attention could be the 
mechanism that is trained, with the perception of form, colour and luminance changes 
improving as a result of it. It is known from literature that directed visual attention improves 
detection of stimuli that are presented in the transition zone between the unaffected and 
the blind area (cued VRT) (Poggel, 2004, 2006). In this paper, the authors propose that "(...) 
top-down signals reactivate partially damaged areas of V1 (...) with the effect of permanently 
increasing conscious visual perception". This principle may also apply to other stimuli than 
white light targets: during training, attention would then be forced to be focused on the 
transition area (where visual input is kept subconscious before training because all attention 
is directed to the healthy visual field) and, as a consequence, the visual input could be 
processed to get a conscious impression of the transition area. This information could then 
reach higher cortical areas again, making form and colour recognition possible (Kasten et al., 
2000). This same principle could also explain why there was a lack of training effect with 
some patients (and thus no transfer effects). If there is little or no transition zone, then this 
may indicate that there are no partially damaged areas in V1 to reactivate, so that the top- 
down mechanism of improved attention will not have any effect and no or little conscious 
visual perception of any part of damaged visual fields will be permanently increased.
It is interesting to corroborate our results by administering tests that appeal, amongst 
others, to visual attention (e.g. visual search tasks; judgment of peripherally presented 
stimulus parameters). For example, patients with homonymous field defects often show 
defective visual scanning behaviour. This can have its origin in parieto-occipital lesions 
(Werth, 1999), which are also liable to cause attentional disturbances. Improved visual
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attention, induced by the visual restoration training method, could then have a positive 
effect on scanning behaviour. Also, field defect related reading problems could be 
diminished after training because of increased visual attention capacity. VFE can provide the 
patient with previously inaccessible information about the location and length of words to 
the right of the fixation point. This could enable the patient to anticipate fixations more 
efficiently and read a line with less and larger saccades. More information to the left of the 
fixation point can enable the patient to read the beginning of words without having to skip 
back (regressions) and to find the beginning of a new line faster. These variables can be 
measured before and after training, without actually rehearsing them. Although improving 
visual attention seems a plausible explanation for the training effect, it is also interesting to 
think of other forms of brain plasticity as the underlying mechanism of a growing responsive 
visual field (Johansson, 2000). Partially surviving neurons near the lesion could account for 
plasticity because their receptive fields may change their location and size following injury 
(Sabel, 2000) or could enlarge their refinement in information processing (Kasten, 1999). 
Reorganization of neuronal networks may be involved, including axonal sprouting or 
increased synaptic efficacy, both at low level visual areas as at higher-level attention related 
areas (Sabel, 2000). Finally, improved visual attention itself could also be seen as brain 
plasticity. In any case, if surviving brain tissue is compensating for the loss of function, or if 
some other form of functional reorganization is taking place, then functional Magnetic 
Resonance Imaging (fMRI) before and after training can produce interesting results. 
Recently, a study performed by Marshall (2007) identified brain regions in which altered 
brain activity could be associated with a shift of attention to the trained borderzone after 
visual restoration training (VRT). The alteration in brain activity was measured after a month 
of VRT, a period that normally is too short to display an effect in the visual field. So, no VFEs 
were associated with the change in brain activity. Therefore, in a new study we include fMRI 
measurements before and after training (Chapter 6 of this thesis).
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Abstract
Background: Multiple studies on recovery of hemianopsia after cerebrovascular accident 
report visual field enlargements (VFE) after stimulation of the visual field border area. These 
enlargements are made evident by the difference between pre- and post-training 
measurements of the visual field. Until now, it was not known how the VFE develops.
Aim : To study how the enlargement develops as a function of time.
Methods: 11 subjects were trained by stimulating the border area of their visual field defect 
using a Goldmann perimeter. The visual field border location was assessed using dynamic 
Goldmann perimetry before, after and during training (after each 10th training session). To 
monitor eye fixation, a video-based eye-tracker was used during each complete perimetry 
session.
Results: It was found that VFE during training is actually a gradual shift of the visual field 
border, which was independent of the type of stimulus set used during training. The shift 
could be proven while eye fixation was accurate.
Conclusion: Visual detection training leads to a decrease in detection thresholds in the 
affected visual field areas and to VFE. Training effects can be generalized to important daily 
life activities like reading.
Introduction
Recovery from cerebral blindness has been investigated for more than three decades, during 
which time three types of remediation have emerged: compensation, substitution and 
restoration. The last method targets an enlargement of the visual-field through stimulation 
of the border area between the affected and the unaffected visual field. Several studies 
show that this type of training can lead to enlargement of the visual field (Zihl, 1979, 1981, 
1985; Van der Wildt, 1998; Kasten, 1998, 1999, 2000, 2006; Werth, 1999; Poggel, 2001; 
Julkunen, 2003; Sabel 2000, 2005, 2006; Mueller, 2007; Bergsma, 2008). However, these 
findings could not be confirmed in other studies (Balliet, 1985; Horton 2005 a+b; Plant, 2005; 
Reinhard, 2005; Roth, 2009). Also, most studies appear to have poor internal validity or lack 
a methodological standard (Bouwmeester, 2007; Pelak, 2007). Therefore, the merits of the 
training are not generally accepted. It has been suggested that increasingly larger eye 
movements towards the visual-field defect cause the enlargements (Horton, 2005b; Pelak, 
2007), but Kasten (2006) and Mueller (2007) state that the VFEs they observed are not 
correlated with eye movements. Because of this ongoing discussion, we paid special interest 
to eye fixations during stimulus presentations. Many restoration studies have subjects 
perform training at home (Julkunen, 2003; Kasten 1998, 1999, 2000, 2006; Sabel, 2000, 
2005). We wished to gain an insight into visual performance development during training. To 
that end we trained subjects on a Goldmann perimeter which allowed performance to be 
directly monitored (Van der Wildt, 1998; Bergsma, 2008). Restoration training uses stimulus 
locations that are adapted to changes in visual field size of the subjects (Kasten, 1998). 
However, this stimulus adaptation may be the cause of the visual field border shift.
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Therefore, subjects trained with stimuli on adaptive locations are compared with subjects 
trained with stimuli on fixed locations. To assess the generalization of training effects to 
important daily life functions, we studied reading performance before and after training.
Methods
Training. Subjects were trained monocularly for the two eyes consecutively with repeated 
trials of stimulus detection threshold measurements. The background luminance was 31.5 
asb (=10 cd/m2). The luminance of the white, circular stimulus (Goldmann IV, diameter: 1°) 
was set at 12.5 asb (IV-1a =4 cd/m2) and was increased stepwise with a 0.1 log unit change 
up to 1000 asb (IV-4e =318 cd/m2). Subjects responded after stimulus detection during 
central fixation. Nine subjects were presented with a wide-ranging set of stimuli on fixed 
locations, and two subjects were presented with stimuli on locations periodically adapted to 
a growing visual field. Fixation was monitored visually so that small changes in eye position 
could be detected. However, when a subject starts a session with a parafoveal fixation, it can 
be detected only if the deviation from the fixation point is large enough. Therefore, in 
addition, the blind spot is probed on several occasions during each training session to check 
for fixation. The method is described in more detail in Bergsma and Van der Wildt (2008).
Perimetry. The training effect was measured monocularly with dynamic Goldmann 
perimetry before the first training session and after every 10th session. Goldmann dynamic 
perimetry is prone to low inter-examiner reliability. To maximise the reliability, the examiner 
repeated measurements at each meridian two times (and averaging the 3 values) and 
closely followed the perimetry instructions laid out by Frisen (1990). Eye positions were 
measured using an Eyelink II eye tracker (sampling rate 250 Hz, spatial resolution 3 min of 
arc). A customised chin- and headrest stabilised the subject's head and the Eyelink headset. 
The Eyelink system was calibrated prior to each separate monocular measurement. With 
normal calibration, the development of a pseudofovea will not be detected because all 
stimuli, including calibration stimuli, will be fixated with that developing parafovea. 
However, because the blind spot has a fixed location on the retina, a developing 
pseudofovea causing a fixation shift will immediately be detected as a shift of the blind spot. 
Therefore, the blind spot is mapped at the start of all Eyelink measurements with the 
Goldmann III-4e stimulus (diameter 0.25°; =318 cd/m2). (The border of the blind spot is 
measured at eight points: up, down, left, right and in between. In the graphs, an oval is fitted 
to these eight points.) Also, during perimetry the blind spot is probed (Heijl-Krakau method) 
at random intervals for intermediate assessment of fixation. With blind spot probing, 
deviations from the fixation point up to 2° may remain undetected by the examiner. 
However, we also observed that most of our subjects could only restrict eye movements 
during fixation within a range of 2°, especially in the direction of a peripherally presented 
stimulus. Therefore, fixation is considered to be correct if it does not deviate more than 2° 
from the fixation point. The stimulus detection eccentricities during correct fixation are used
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to reconstruct the visual field. Because eye positions and the exact moments of stimulus 
presentations and responses were recorded during the whole perimetry session, we were 
afterwards able to discard measurements in which eye movements larger than 2° were 
made in the direction of the presented stimulus. These 2° are not a measurement error or 
Eyelink inaccuracy but a criterion that we have set to distinguish between correct and 
incorrect fixations. Of course, visual-field enlargements up to 2° are therefore not 
considered to represent the training effect. The 2° limit also allows for blind-spot probing, 
because a stimulus would still fall within the blind spot, even if the eyes deviate <2° from the 
fixation point. In the Results section (''Eye-position analysis''), an example of an included 
measurement (<2°) and a discarded measurement >2°) is given.
Reading. To answer the question about whether improved stimulus detection leads to a 
transfer of training effects to daily life activities, we studied reading performance before and 
after training in seven subjects. They silently read two standardised texts with 15 lines (152 
words) and 18 lines (168 words) of Arial 14 pt text, respectively. Both texts were presented 
consecutively before and after training (minimal 3 months in between). Only three subjects 
remembered the topic of one or both texts after training: PK and GL remembered the topic 
''lightning'' but nothing else about the story. IW remembered ''Lightning'' and ''New 
Zealand,'' but nothing else. The other four subjects could not replicate any topic. Eye 
movements were measured using the Eyelink II headset and a chinrest stabilising the 
subject's head 50 cm away from the texts. Dependent variables were reading time 
(words/min), average number of saccades and regressions (reading errors).
Subjects
Eleven persons (six males, five females) were trained for 40 daily 1 hour sessions. Subjects 
were volunteers with a visual field defect after postchiasmal brain damage and without 
visual neglect. Average subject age was 59.8 (SD 9.2) years; average lesion age was 3 years.
Figure 3.1. See table 3.1 for details.
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(SD = 2.8 yrs, ranging from 0.5 to 9 years). Only one subject (MS) had a lesion age of less 
than 1 year. In this case, some spontaneous recovery cannot be ruled out. All others had 
lesion ages ranging from 1 to 8.5 years. Table 3.1 and figure 3.1 describe the subjects in 
terms of age, sex, cerebrovascular accident-type, visual-field defect, central field sparing 
before and after training, and time since lesion. For all subjects, except FL and WV, 
anatomical T1-weighted MRI scans show the lesions. Scans are shown in neurological 
convention (left=left, right=right) and lesions as dark areas. For subject PK (figure 3.1 D), the 
scan is a T2-weighted scan shown in radiological convention (left=right, right=left); the lesion 
is shown as a light area.
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FL 67 M Inf R occipital Hemi-R 2° 17° 3 NA
WV 52 M Inf R occipital Hemi-R 5° 11° 4 NA
MK 55 F Hm L temporal/ 
parietal
Quadr-lowR 5° 8° 9 See fig 
3.1 A
MS 69 M Inf L parietal/ 
occipital
Quadr-upR 2° 9° 0.5 See fig 
3.1 B
EG 67 F Inf R temporal/ 
occipital
(incomplete)
Hemi-L
>10° >10° 1 See fig 
3.1 C
PK 73 M Inf R occipital Hemi-L 5° 9° 1 See fig 
3.1 D
GL 59 F Hm R parietal/ 
occipital
Quadr-lowL >10° >10° 1 See fig 
3.1 E
WD 54 M Inf R temporal/ 
occipital
Hemi-L <1° <1° 3.5 See fig 
3.1 F
IT 49 F Inf R temporal/ 
occipital
Quadr-upL <1° <1° 1 See fig 
3.1 G
IW 46 F Inf L occipital Hemi-R <1° 4° 1 See fig 
3.1 H
PV 67 M Hm R parietal/ 
temporal/ 
occipital
Hemi-L 2° 9° 8.5 See fig 
3.1 I
Table 3.1 Description of subject sample. Inf = Infarction; Hm = Haemorrhage; Hemi = hemianopsia; Quadr = 
quadrantanopsia; L = Left; R= Right; up = upper; low = lower
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Results
Visual fields.
Figure 3.2. Monocular pre-, mid- and post-training absolute visual field borders of two subjects presented with 
adaptive stimulus sets during training (results are comparable for both eyes). The stimulus locations in these 
sets are periodically adapted to improved stimulus detection performance during training. In the black areas, no 
response is given to moving presented stimuli of maximum luminance.
Figure 3.3. Monocular pre-, mid- and post-training absolute visual field borders of nine subjects presented with 
fixed stimulus sets (results are comparable for both eyes). The stimulus locations in these sets remained 
unchanged during the training. In the black areas, no response is given to moving presented stimuli of 
maximum luminance. Grey areas: areas of relative field in the quadrantanopias of MK and IT.
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Figure 3.2 shows the monocular pre-, mid- and post-training visual-field borders of two 
subjects that were presented with adaptive stimulus sets during training (results are 
comparable for both eyes). The stimulus locations in these sets are periodically adapted to 
improved stimulus detection performance during training. Figure 3.3 shows the monocular 
pre-, mid- and post-training visual-field borders of nine subjects that were presented with 
fixed stimulus sets during training (results are comparable for both eyes). Subjects WD and 
PV have complete hemianopias; subjects PK, MS, EG, GL and IW have incomplete 
hemianopias. Subjects MK and IT had a paracentral scotoma, surrounded by a relative field 
defect area (grey area in fig 3.3). We did not study the training effect on the relative field 
defect. As can be seen in figs 3.2 and 3.3, both types of stimulus sets yield gradual visual 
border shifts.
Stimulus detection in fixed stimulus sets. Figure 3.4 shows the ''temporal development'' of 
the detection thresholds on all stimulus locations during all sessions for subjects PK, PV and 
WD, who have (almost) complete hemianopias. The curves are graphically sorted based on 
the distance of the stimulus from the vertical visual midline. With the Goldmann perimeter, 
1000 apostilbs (=318 cd/m2) is the maximum stimulus luminance that can be presented. 
Detection of this stimulus is plotted at ''1000.'' Non-detection of a presented stimulus is 
given an arbitrarily high value (''4000'') so it can be distinguished from detection at 
maximum luminance (''1000''). A curve dropping below ''4000'' indicates the moment that a 
former undetected stimulus is detected for the first time. This generally seems to depend on 
the distance of the stimulus from the vertical midline: the more remote from the midline 
(and the original field border) a stimulus is presented, the more training sessions are needed 
before that stimulus can be detected. This spatial progression of stimulus detection 
corresponds to the visual border shifts of PK and PV shown in fig 3.3, whereas WD showed 
no training effect which corresponds to the many horizontal curves at value ''4000' in fig. 3.4 
(bottom), representing undetected stimuli. Also, stimulus detection appears to take place at 
still lower thresholds as training continues. In fact, after training, many stimuli are detected 
at normal thresholds compared with the unaffected visual hemifield. For subjects MK, MS, 
EG, GL, IT and IW, stimulus detection thresholds cannot be sorted in a meaningful way as 
shown in fig 3.4, due to the irregular visual field border shape. Therefore, fig 3.5 shows a 
chart of the fixed set of stimulus locations for all 40 sessions and label stimuli with three 
detection moments. Before training, only stimuli near the unaffected visual field are 
detected (marked in fig 3.5 with white circles). Halfway through the training, more 
peripheral stimuli are detected (grey circle locations). After training, stimuli are detected on 
black circle locations. Crosses denote locations where stimuli remained undetected. This 
spatial progression of stimulus detection corresponds to the changes in visual-field size that 
we observed after dynamic perimetry: the visual fields ''grow'' gradually (see also figs 3.2 
and 3.3). This corresponds to the gradual visual border shift. For comparison, the visual field 
borders that are measured on the same moments (0, 20, 40 sessions) are also shown in fig 
3.5.
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Figure 3.4. History of the luminance detection thresholds of each stimulus location during the training period. 
Detection threshold curves are sorted by increasing distance from the central, vertical axis of the visual field. 
The value "1000” means stimulus detection at 1000 asb. The value ''4000” was assigned when a stimulus was 
presented at maximum luminance but not detected. (A) subject PK; (B) subject PV; (C) subject WD.
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Figure 3.5. Locations of stimulus detection at the start of training (white circles), after 20 training sessions (grey 
circles) and after 40 training sessions (black circles) of all subjects. Xs denote stimuli that remained undetected 
after all 40 sessions of training. The curves show the visual-field borders measured with dynamic perimetry at 
the start of training (light grey curves), after 20 sessions (dark grey curves) and after 40 sessions (black curves).
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Eye-position analysis. During perimetry, we measured the eye positions continuously. 
Afterwards we considered eye positions during the period between stimulus presentation 
and the first detection, because this is the relevant time frame. Figure 3.6 shows two time­
frame examples taken from subject PK. Figure 3.6A shows a correct eye fixation. As can be 
seen, during the whole period of stimulus presentation the eye position does not deviate 
more than 2° from the fixation point. This can also be seen in fig 3.6B, where the same 
recording is plotted in an X -Y  graph. In this particular registration, a stimulus was detected 
on a location on the 180° (horizontal) meridian and at an eccentricity of 11°. Figure 3.6C 
shows an example of a discarded perimetry measurement: after 1 s of stimulus presentation 
the eyes are turned towards the affected visual field and the presented stimulus, only to 
return to the central fixation point just before the detection response is given. At the 
moment of response, the stimulus was located on the 135° meridian and an eccentricity of 
18° (approximately 13° from the central vertical midline). Based on trials with correct 
fixations only, we found visual field enlargements varying from 4° (IW) to 13° (EG).
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Figure 3.6. Examples of eye position as a function of time. (A) Correct fixation during stimulus presentation and 
detection (eye movements <2°). Black curve: position in the x  direction (up=right hemifield; down=left 
hemifield). Grey curve: position in the y direction (up=upper hemifield; down=lower hemifield). The arrows in the 
lower part of the graph represent start of stimulus presentation (black) and the detection response of the 
subject (grey). (B) Same eye position registration as in (A) shown as X -Y  registration (bird's eye view). (C) 
Incorrect fixation during stimulus presentation and stimulus detection (eye movements >2°). (D) Same eye 
position registration as in (C) shown as X -Y  registration (bird's eye view). VF = visual field.
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Behavioural data. We have tested reading performance in seven subjects before and after 
training. We show no data for MK (aphasia-related reading problems), MS (attentional 
reading problems), WV and FL (no Eyelink recordings). The results are shown in table 3.2. 
The dependent variables are ''reading speed'' (words per minute) and ''reading errors'' 
(average number of regressions per line). We also looked at ''average number of saccades 
and return saccades per line.'' The column on the right shows the pre-post training 
difference in reading speed. For each subject, reading speed was calculated for each line of 
text before and after training. Then, per subject, the difference between pre- and post­
training reading speed means was tested using a paired-samples t-test. Four subjects 
showed a significant improvement (* p< 0.05; ** p< 0.005).
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AvSac 8.5 AvSac 7.2 AvSac -1.3
EG 1 AvReg 1.1 AvReg 0.6 AvReg -0.5 259 304 +45*
AvRet 1.6 AvRet 1.3 AvRet -0.3
AvSac 9.0 AvSac 7.8 AvSac -1.2
PK 1, 3 AvReg 2.3 AvReg 1.7 AvReg -0.6 282 281 -1
AvRet 1.4 AvRet 1.2 AvRet -0.2
AvSac 6.0 AvSac 5.2 AvSac -0.8
GL 1, 2 AvReg 1.4 AvReg 1.0 AvReg -0.4 217 276 +59**
AvRet 2.6 AvRet 2.5 AvRet -0.1
AvSac 6.5 AvSac 6.4 AvSac -0.1
WD 1, 3 AvReg 0.4 AvReg 0.4 AvReg 0 393 392 -1
AvRet 2.9 AvRet 2.7 AvRet -0.2
AvSac 13.1 AvSac 10.9 AvSac -1.2
IT 1, 2 AvReg 2.5 AvReg 1.6 AvReg -0.9 193 235 +42**
AvRet 1.9 AvRet 1.7 AvRet -0.2
AvSac 12.2 AvSac 11.7 AvSac -0.5
IW 1, 2 AvReg 1.2 AvReg 1.1 AvReg -0.1 154 158 +4
AvRet 1.9 AvRet 1.8 AvRet -0.1
AvSac 17.7 AvSac 13.5 AvSac -4.2
PV 1 AvReg 6.0 AvReg 3.7 AvReg -3.2 150 233 +83**
AvRet 2.4 AvRet 2.4 AvRet 0
AvSac 10.4 AvSac 9.0 AvSac -1.4
Mean - AvReg 2.1 AvReg 1.4 AvReg -0.7 235 268 +33**
AvRet 2.1 AvRet 1.9 AvRet -0.2
Table 3.2. Reading performance before and after training. 1 = missing parts of words; 2 = reading slow, letter- 
by-letter; 3 = trouble finding start of next line. AvReg = Average number of regressions made per line read; 
AvRet = average number of return saccades after a line read; AvSac = average number of saccades made per 
line read. * p< 0.05; ** p< 0.005 (using t-test).
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Discussion
In this study, we present data showing that visual detection training can decrease detection 
thresholds in the trained visual field area. This can also be the case in areas where there was 
no pre-training response on stimuli and a positive post-training response on stimuli at the 
same location (fig 3.4). In many cases, thresholds reach values comparable with normal. In 
this study, we compared the trained visual fields of two subjects who were presented with a 
set of stimuli where the locations are near the visual field border and are adapted to the 
subjects' performance (i.e. a shift of the visual field border), with the trained visual fields of 
nine subjects who were presented with a wide-ranging stimulus set with fixed locations. We 
observed a gradual shift of the visual field border, independent of the type of stimulus-set 
used (figs 3.2 and 3.3). An eventual field enlargement can therefore not be caused by 
stimulus locations that are adapted to improved performance during training. The gradually 
moving visual-field border keeps the same general shape. This could indicate that a 
pseudofovea developed progressively during training. We assessed the blind spot location at 
the start of all continuous Eyelink registrations during the perimetry sessions. A shift in 
foveal fixation would be manifested as a shift in the blind spot in the same direction. We did 
not observe a blind-spot shift during the several visual field examinations. A progressively 
developed pseudofovea can therefore be ruled out as a cause for the visual border shift. The 
fact that the border shifts occur gradually may indicate that a stimulus needs to be in the 
vicinity of an originally unaffected or of a trained (i.e. recovered) visual field area in order to 
become detectable. This is supported by the fact that we did not succeed in training an 
''island'' of stimulus detection within a blind field.
Eye movements can also be ruled out because we were able to limit our analysis to 
perimetry measurements that were made with correct fixations only, which were used to 
construct the visual field border. During correct fixation it is possible that small eye 
movements (up to 2°) are made in the stimulus presentation period, so it could be argued 
that amplitudes of eye movements smaller than 2° should be extracted from the found 
perimetry values. We do not subtract the amplitude of these small eye movements from the 
found eccentricity of stimulus detection, because we do not know whether these small eye 
movements also actually led to stimulus detection. Sometimes such a deviation is made 
during the early part of presentation, when the stimulus is still located in the far periphery. 
Actual stimulus detection then takes place when the stimulus is closer to the centre and 
while fixation is actually central. Even if we were to subtract these amplitudes (2°) from the 
found detection eccentricities, we would still find a training effect in many subjects, but it 
may be underestimated. A recent study by Roth et al suggests that stimulation of the blind 
field does not improve attention or eye movements towards targets in the blind field (Roth, 
2009). They suggested that training at stimulus locations that trace out the border of the 
field defect would generate microsaccades that remain undetected by the blind spot 
probing. However, these microsaccades are far too small to be the cause of the field 
enlargements of subjects MS, EG, PK, GL, IT and PV. Because the lesions of subjects MK, PV
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and WD are 9.0, 8.5 and 3.5 years old, spontaneous recovery is completely ruled out in these 
subjects. For the other subjects, spontaneous recovery seems unlikely (lesion ages of 6 
months to 1 year). This is supported by the fact that in all subjects, the visual field at the 
beginning of training had not changed compared with the visual field during intake (the time 
in between varied from 1 -  3 months). We therefore conclude that the training accounts for 
the found effects. But how does the visual training lead to VFE? At the moment, this remains 
speculative. Any form of visual processing indicates that there are neurons present that 
serve visual functioning; relative field defects are likely to be the consequence of residual or 
reduced neuronal activity after a subtotal lesion. Training, consisting of visual stimulation of 
the borderzone, may lead to increased sensitivity of spared but previously ''silent'' neurons. 
This means that less light energy is needed for detection, hence leading to decreased 
detection thresholds. The increased neuronal sensitivity can reach a critical level, needed for 
conscious vision. But there also may be so little residual neuronal activity in a certain brain 
area that stimulation of the related visual field does not lead to conscious vision. 
Conventional perimetry will thus underestimate that visual field as a ''blind'' area. If training 
enhances the activity of these neurons, this could lead to conscious detection of stimuli 
during perimetry: the visual field has ''grown.'' The question then becomes: how does 
training lead to increased neuronal activity, that is decreased detection thresholds? This may 
be due to attentional effects, associated with training, on neuronal excitability. Zihl and von 
Cramon have shown how attention modulates light-difference thresholds in the visual field 
(Zihl, 1979), and Poggel describes how directed visual attention decreases detection 
thresholds in the visual-field area that is attended to (Poggel, 2004). Büchel and Friston 
reported that directing attention to visual motion led to increased connectivity and thereby 
increased neuronal activity (Büchel, 1997). Marshall observed in their imaging study that 
''(restitution) training appears to induce an alteration in brain activity associated with a shift 
of attention from the nontrained seeing field to the trained borderzone'' (Marshall, 2008). In 
our case, subjects cannot predict where a stimulus will appear, so they direct attention in 
the direction of the affected visual-field area. The training may teach subjects to successfully 
pay attention to visual input of which they were unaware before that moment. The subject 
may then become aware of this visual input, which brings us back to the fact that there must 
be spared neurons that can account for that visual input. In the case of the subjects with an 
old lesion age, this spared capacity is apparently absent for WD, and present for MK and PV. 
This may explain why some subjects show no recovery: a lesioned brain area may contain 
many or few spared neurons. If the number of spared neurons is too small, directed 
attention will not increase neuronal activity beyond the critical level that is needed for 
conscious perception. Of course, when there are enough spared neurons, stimuli must be 
sufficiently salient in order to ensure that subjects can attend to them. Just as different test 
stimuli may lead to differences in field testing, different training stimuli may lead to a 
different training outcome, as may be the case in the study by Roth (2009). 
Reading performance is improved significantly after training in four of seven subjects, which 
suggests that the training effects were also associated with an increase in reading
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performance. IW and WD show no improvement in reading performance, which is in 
agreement with the absence of visual-field enlargement (fig 3.3). The subjects with visual- 
field enlargement improved in total reading time (17-55% faster) and made fewer saccades 
and regressions, except for PK who did not read faster, although he showed an enlarged field 
and fewer saccades and regressions. Although a small scotoma remained present in the 
parafoveal region of IT, there was a substantial field enlargement, which may explain IT's 
improved reading. Subjects reported diminishing reading problems (EG, GL, IT and PV). PK, 
IW and WD did not experience any improvement in reading. An enlarged central visual field 
makes slightly larger saccades possible, so that fewer saccades are needed to read a line of 
text. This leads to faster reading. Apparently, faster reading may also improve 
comprehension of the read text, which is suggested by the reduced number of regressions in 
the same subjects. This result was also found by Zihl and von Cramon (Zihl, 1985). Finally, 
subjects EG and GL started training with visual field defects that did not affect the central 
10° on the left side of fixation, which is one of the crucial areas for reading speed. However, 
the visual fields and their enlargements, shown in fig 3.3, concern absolute defects only. VFE 
means that there is a visual field area in which there was no detection of stimuli before 
training, and there is detection after training, in other words a change in an area with an 
absolute defect. A relative defect means that detection is present already. Enlargement 
cannot be shown with relative defects and so we do not show relative defects. Relative 
defects can improve, however. It means that the depth of the defect can decrease after 
training, because detection thresholds are lowered by the training (fig 3.4). This allows, for 
example, for improved peripheral acuity (Bergsma, 2008). It is very likely that at all or most 
of the seemingly ''unaffected'' visual-field areas in the affected hemifields in fig 3.3 actually 
are relative field defects and that detection thresholds are lowered by the training in these 
areas. This may account for the improved reading performance in subjects EG and GL. The 
peripheral expansion may also allow for larger and thus a smaller number of saccades to the 
beginning of the sentence (''return saccades'', ''AvRet'' in table 3.2), which EG clearly 
showed after training. GL only slightly decreased this number of return saccades. GL 
remembered the main topic of one of the stories, which may have caused the reading speed 
to increase for that story but not for the other. EG did not report remembering any topic, so 
here the reduced number of return saccades may have contributed to the faster reading. A 
final remark concerns the reading speed of some subjects, which seems very high, even 
before training. This is likely to have resulted from the fact that subjects read silently, which 
always happens faster than reading out loud.
Conclusions
Visual stimulus detection training can result in VFE that is manifested as a gradual shift of the 
visual field border towards the visual-field defect during training. This gradual enlargement 
can also be observed when a stimulus set with fixed locations is used. We did not find any 
evidence for a slowly developing pseudofovea during training or eye movements during
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perimetry, which can account for the training effect. Directing visual attention towards the 
visual field defect may cause sub threshold stimuli to develop into supra threshold stimuli 
and as such may be responsible for the training effect found. Training effects can be 
generalised to a daily-life activity such as reading, which means that training leads to 
reduction of the impairment.
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Abstract
Visual training of light detection in the transition zone between blind and healthy visual 
fields in hemianopes leads to improvement of color and simple pattern recognition (Kasten 
2000). Recently, we demonstrated that training enlarges the visual field also when it 
stimulates a blind area just beyond the transition zone (Bergsma & vd Wildt 2010). In the 
current study, we studied if training in this peripheral area also causes transfer to colour- 
and shape perception and improves reading speed. Further, we studied what measure of 
visual field enlargement (VFE) relates best to improvements in performance: the average 
border shift (degrees) or the associated cortical surface gain estimation (mm). 12 patients 
received forty sessions of 1 hour Restorative Function Training (RFT). Before and after 
training we measured visual field size and reading speed. Additionally, colour and shape 
perception in the trained visual field area was measured in 7 patients. VFE was found for 9 of 
12 patients. Significant improvements were observed in reading speed for 8 of 12 patients 
and in colour and shape perception for 3 of 7 patients. When field enlargement is expressed 
in terms of estimated cortical surface gain in mm (ECSG), using the Cortical Magnification 
Factor (CMF), our data indicate that the minimum amount of cortex that is needed for 
significant changes in colour- and shape perception and reading speed is about 6 mm cortex. 
This means that white stimulus training-induced VFE can lead to improved colour- and shape 
perception and to increased reading speed in and beyond the pre-training transition zone if 
ECSG is sufficiently large.
Key words: CVA; cortical blindness; recovery; restorative function training; perimetry.
Introduction
Our modern society increasingly demands the use of our visual information processing 
capabilities. Visual field defects (VFDs) after stroke can pose major limitations on daily life 
activities such as driving; detecting, recognizing and avoiding obstacles; reading and TV/PC 
screen use. Because visual processing takes place in many areas of the brain, up to 25% of all 
stroke patients have visual field defects (Zihl, 2000). One method to treat VFDs is visual 
Restorative Function Training (RFT1), which consists of visual stimulation of the border area 
between the blind and the intact visual field. Several studies report that this method can 
lead to VFE (Zihl, 1979, 1981, 1985; Van der Wildt, 1998; Kasten, 1998b, 1999, 2000, 2006; 
Werth, 1999; Sabel, 2000, 2005, 2006; Poggel, 2001; Julkunen, 2003; Mueller, 2007; 
Bergsma, 2008, 2010) although these findings were questioned by others (Balliet, 1985; 
Horton ,2005a+b; Plant, 2005; Reinhard, 2005; Roth, 2009). The methods of the training are 
still debated to define better standards (Bouwmeester, 2007; Pelak, 2007). For example, 
increasingly larger eye movements towards the visual field defect have been suggested to
1 We use the term RFT instead of VRT (Vision Restoration Therapy), because VRT is a registered trademark. RFT 
follows the same training procedure as VRT: it stimulates a defective visual field area. RFT is a custom made 
program and thus, it is not VRT.
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cause the observed VFEs (Horton, 2005; Reinhard, 2005), but other reports conclude that 
the observed VFEs are not correlated with eye movements (Kasten, 2006; Muelle,r 2007). 
Recently, we showed that VFEs after training are not a consequence of saccades towards the 
presented perimetry stimuli by rejecting all trials with inadequate fixation and constructing 
the visual field based on trials with adequate fixation only (Bergsma, 2010; Chapter 3 of this 
thesis).
In an earlier study, we found that colour recognition, temporal properties (critical flicker 
fusion) and spatial properties (acuity) of the recovered visual field are comparable to normal 
values in the contralateral, unaffected visual field (Bergsma, 2008). Because these visual 
faculties were not trained for, one may ask to what extent changes in visual perception and 
behaviour are induced by RFT? Does VFE after training result in transfer effects to the 
perception of other stimuli such as Kasten reported (2000) and to higher behavioural 
functions? If the latter is not the case, one could ask if current practises to train with simple 
light stimuli should be replaced by stimuli that provide better opportunities for transfer. 
Second, a visual field area (and VFE) gained near the fovea involves a larger cortical area 
than the same enlargement at a more peripheral location. It is conceivable then that a 
threshold amount of cortical restoration is required to allow transfer from visual training 
stimuli to non-trained visual functions. Thus, we studied whether possible transfer effects 
are determined by the average border shift (ABS) in degrees or by the amount of cortical 
tissue that is involved in the VFE. We use the cortical magnification factor (CMF) as described 
by Cowey to calculate the estimated cortical surface gain (ECSG) that corresponds to the 
extent of the regained visual field. We then investigate the relation between the ECSG and 
the behavioural performance. On the assumption that a regained visual function would 
require the same amount of visual cortex as in normal subjects one may expect that the 
ECSG -rather than the ABS- as a result of training- relates to behavioural and/or perceptual 
changes. For studying untrained perceptual and behavioral improvement after RFT, we 
measured colour and shape perception in the trained visual field area and reading speed 
before and after training.
Methods
Training. Training comprised 40 sessions of 1 hour during 10 weeks. Twelve patients were 
trained monocularly in both eyes by repeated presentation of a white stimulus (Goldmann 
IV-e) for detection, comparable to static perimetry in a Goldmann perimeter. Approximately 
90% of the stimuli were presented in the absolute VFD. Locations extended 10°-15° into the 
defect. Stimulus luminance was increased stepwise with a 0.1 log unit change from =4 cd/m2 
up to =318 cd/m2. During training, fixation was monitored visually. Occasionally, the blind 
spot was probed as fixation check, which yields no response when fixation is accurate. A 
more elaborate description of the training is given in Bergsma & van der Wildt (2008; 
Chapter 2 of this thesis).
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Perimetry. Visual fields were measured monocularly with dynamic Goldmann perimetry 
before training. This measurement was repeated after every 10 training sessions, according 
to the guidelines laid out by Frisen (Frisen, 1990). Gaze directions were measured using an 
Eyelink II eye-tracker (SR Research Ltd., Mississauga, Ontario, Canada), with a sampling rate 
of 250 Hz and a spatial resolution of 6 minutes of arc. A customised chin- and headrest 
stabilized the patient's head and Eyelink headset. Prior to each monocular measurement, 
the Eyelink system was calibrated and the blind spot was mapped to check for a possible 
developing pseudofovea during training. During perimetry, the blind spot was probed (Heijl- 
Krakau method) at random intervals for intermediate assessment of fixation (Heijl, 1975). A 
more elaborate description of our perimetry method can be found in Bergsma & van der 
Wildt (2010).
VFE usually concerns both an eccentricity and a polar angle shift. VFE can be expressed as 
the average border shift (ABS) in degrees, which averages the shift of the border over all 
trained angles. However, this method does not take eccentricity of the VFE itself into 
account. VFE eccentricity is taken into account when VFE is expressed in the estimated 
cortical surface gain (ECSG) in millimeters that is involved in the VFE. To calculate ECSG we 
use the cortical magnification factor (CMF) of Cowey (Cowey, 1974). The CMF is a one­
dimensional measure that describes the non-linear relationship between eccentricity in the 
visual field and the cortical area that represents 1° of the visual field. The other dimension 
(polar angle) of the visual field and its cortical representation are approximately linearly 
related. We calculated ECSG as follows: the trained visual field area is divided in sectors like 
a pie-chart with angular segments of 2.5°. Of each sector the border shift in the radial 
direction is established and transformed into the amount of mm cortex involved, using the 
CMF. The average value of all radial sectors is used as the measure of ECSG.
In hemianopia, the visual field border is oriented vertically and the border typically shifts in a 
horizontal direction. This means that in many sectors the shift of the border is not a pure 
shift in eccentricity but a combination of a shift in eccentricity and a shift in the polar angle 
direction. To appropriately compute the eccentricity related cortical gain in mm, one must 
therefore take into account only the component of the shift that runs in the direction of the 
eccentricity. This is done by multiplication of the border shift by the sine of the angle (9) 
between the border and the direction of the eccentricity (see figure 4.1) according to
Equation (1): ECSG = (CMFb-CMFa)*^ (0)
CMFa and CMFB represent converted eccentricity values at locations 'A' and 'B', denoting the 
cortical distances from the foveal representation according to the data of Cowey.
Colour and Shape Perception. Before and after training, 7 patients were presented colour- 
and shape stimuli at locations where we expected VFE a priori. Stimuli were presented on a 
screen, 250 cm wide and 235 cm high. Patients were seated at a distance of 165 cm with 
their head stabilized on a chin-rest.
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Fig 4.1. Example of ECSG calculation: The grey line depicts the pre­
training visual field defect border. The grey area represents the 
post-training absolute field defect. The black arrow indicates the 
border shift in the 2.5° wide sector between angles 242.5° and 
245°. Because the border is not perpendicular to the radial sector, 
the growth of the visual field within the sector is partly in the polar 
angle direction. The part that occurs in the eccentricity direction is 
found by multiplication with the sine of the angle between the 
border and the direction of the sector. CMF-values are established 
using the Cortical Magnification Factor of Cowey. Average border 
shift is the average across all sectors, after application of the sine 
corrections in each sector.
Using Microsoft Powerpoint we presented stimuli with a diameter of 1° for the duration of 1 
second and an interstimulus interval (ISI) varying from 1 to 3 seconds. Not known to the 
patients, shape stimuli were always black and white (open circles, squares and triangles) and 
coloured stimuli (red, green and blue) were always filled circles. All stimuli (3 colours, 3 
shapes) were presented binocularly in random order at each location. This presentation was 
repeated 1 time binocularly and 1 time in a monocular presentation, so that each location 
was tested 18 times. Subject responses were classified in one of three categories: (1) 
Recognition (of either or both of the presented colour or shape) (2) Detection (something is 
seen) or (3) No Detection (nothing is perceived). We did not use a forced-choice paradigm. 
To estimate colour- and shape discrimination performance from our data, we treated the 
no-detection response as if patients responded at chance-level. Therefore, the performance 
is determined by the proportion of correct responses relative to the total number of 
responses at that location plus the proportion responses at chance level relative to the total 
number of non-responses at that location. So, the performance at each tested location can 
then be calculated by:
(p  * n) + ((N -  n)* c
Equation (2): N
Where N is the number of trials at a location (9 at all locations for each patient for 'colours' 
and 9 for 'shapes'); n is the number of responses at that location; p is percentage of correct 
responses at that location and c is the percentage correct response by shear guessing (.33 
for both the colour and the shape task).
The verbal response of patients often temporally coincided with stimulus presentation, 
which caused head movement artefacts. Because we were unable to measure these head- 
movements, the eye tracker could not be used during the perceptual judgements. Therefore,
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we monitored eye fixation visually during the measurements. When inaccurate fixations 
were observed, feedback was given in order to maximise the number of adequate fixations. 
Also, we probed the blind spot during the monocular presentation with a 1° white stimulus 
just before every stimulus presentation (48-72 stimuli, depending on number of test 
locations, see figure 4.1). A positive response during blind spot probing meant inadequate 
fixation and in that case, the accompanying test trial was removed from data-analysis. The 
number of inadequate fixations during monocular presentation was considered illustrative 
of fixation behaviour for the 2 binocular presentations. We hold this because the order of 
the presentation was the same for the binocular and monocular conditions. Thus removal of 
the corresponding trials of the 2 binocular measurements removed those conditions from 
the analysis that were most likely to have also been affected by eye movements. A minority 
of trials were discarded from analysis for patients RQ (8.3%) and AM (11.8%) following this 
procedure. Patients HBr, HBo, PP, GL and IT never responded during blind spot probing and 
all test trials were included in the analysis.
Reading. All twelve patients silently read 2 standardized texts (Arial 14 pt.) with 15 lines 
(152 words) and 18 lines (168 words), respectively. Reading eye movements were measured 
using the Eyelink II headset and a chinrest stabilizing the subject's head 30-50 cm away from 
the texts (depending on favoured reading distance). Dependent variables were reading 
speed (words/minute) and the average number of forward saccades and regressions 
(reading errors).
Subjects. Twelve chronic stroke patients (7 females, 5 males) volunteered as subjects. They 
suffered a first supratentorial stroke in the optic radiation or visual cortex resulting in a
Figure 4.2. Anatomical 
T1-weighted MRI-scan 
slices that optimally 
show the lesions of the 
patients. Scans are 
shown in neurological 
convention (L=L; R=R). 
For PK, the slice is a T2- 
weighted MRI-scan, 
shown in radiological 
convention (L=R; R=L).
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visual field defect without visual neglect. The average subject age was 58.9 (± 8.8) years; 
post-onset time ranged from 6 to 102 months, averaging 23.2 (± 27.4) months. For subjects 
AM, HBr and RQ the post-onset time ranged from 6 to 9 months. In these cases some 
residual spontaneous recovery can not completely be ruled out, but it is not expected. All 
others had lesion-ages ranging from 12 to 102 months (see table 4.1).
c.¡u
mCl
<ut»
<
i -<u
-ac<u
St
ro
ke
Vi
su
al
Fi
el
d
D
ef
ec
t
Po
st
O
ns
et
Ti
m
e
AM 61 F Inf occipital L Hemi-R 9 months
HBr 48 F Inf occipital R Hemi-L 6 months
PP 65 M Inf occipital R Incomplete Hemi-L 1 year
RQ 53 M Inf occipital R Incomplete Hemi-L 9 months
GL 59 F Hm parietal/occipital R Quadr-LL 1 year
IT 49 F Inf temporal/occipital R Scotoma-UL 1 year
HBo 65 F Inf temporal R Quadr-UL 3 years, 2 months
EG 67 F Inf temporal/occipital R Incomplete Hemi-L 1 year
PK 73 M Inf occipital R Hemi-L 1 year
WD 54 M Inf temporal/occipital R Hemi-L 3 years, 6 months
IW 46 F Inf temporal/occipital R Hemi-R 1 year
PV 67 M Hm parietal/temporal/occipital R Hemi-L 8 years, 6 months
Table 4.1. Subject description. Inf = infarction; Hm = haemorrhage; Hemi=hemianopia; Quadr=quadrantanopia; 
R=Right; L=Left; LL=Lower Left; UL=Upper Left.
Figure 4.2 shows the lesions (dark areas) in neurological convention (left=left, right=right) in 
the anatomical T1-weighted MRI-scans. For subject PK, a T2-weighted scan in radiological 
convention (left=right, right=left) is shown.
Results
Visual Fields. The graphics in figure 4.3 show the results of Goldmann perimetry in 12 
patients: the grey line depicts the visual field defect border before training and the grey area 
shows the remaining defect after training; the recovered visual field lies in between. Also 
shown is the average border shift (ABS) in degrees. Visual fields are based on trials with 
accurate fixation only. As can be seen, 9 patients show VFE and 3 patients show no or 
negligible VFE (WD, HBo and IW).
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Colour and Shape Perception. In figure 4.3, the test locations -selected a priori- of colour 
and shape stimulus presentation of 7 patients are shown, represented by squares. Most 
stimuli were presented in an area that was an absolute defect before training and that 
became responsive visual field areas after training. We did not use a forced-choice 
paradigm, so patients did not respond when a stimulus was not detected. Therefore, fewer 
responses were given at certain test locations than at others. However, we treated the tests 
as if a forced-choice paradigm was used and because 3 colours and 3 shapes are used, the 
chance-level of performance is 33% in both tasks. The threshold above which performance is 
considered to have changed significantly lies halfway the remaining 67% which adds up to 
(33 + (67/2) = 67%. Using equation (2), (the proportion of correct responses relative to the 
total number of responses at that location plus the proportion responses at chance level 
relative to the total number of non-responses at that location), we found that 3 patients 
(AM, PP and RQ) significantly improved performance (correctly discriminated stimuli in > 
67% of the cases) and 4 patients did not.
Figure 4.3. Average border shift (ABS) of 12 patients and colour- and shape test locations in 7 patients (black 
squares). The grey line depicts the pre-training visual field defect border. The grey area represents the post­
training absolute field defect area. The region in between is the recovered visual field. ABS is calculated by 
averaging the eccentricity shifts in all trained 2.5° wide sectors.
76
Figure 4.4 shows the percentage of responses on a total of 9 presentations at each location 
for each patient. Only the visual field area around the test locations is shown. Each circle 
represents a test location.
Figure 4.4. The percentage of responses on a total of 9 presentations at each location for each patient before 
(lower number) and after training (upper number).
Figure 4.5 shows the percentage correctly identified colours or shapes (the lower numbers 
reflect the percentages before training; the upper numbers correspond to those after
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training). As can be seen, all locations the post-training scores are equal to or higher than 
pre-training test scores (the pre-post colour score difference of HBr at the left horizontal 
meridian at an eccentricity of 7.5° is considered to be noise). Also, near the unaffected visual 
field, both pre- and post-training scores are higher than near the scotoma. This indicates
B. Shape Perception
Figure 4.5. Each circle shows the pre-training (lower number) and post-training (upper number) percentage 
correctly identified stimuli for that location. Performance values are corrected for forced-choice probability. 
The half-circle greyscales correspond to those percentages and serve to indicate improvement at a quick glance 
(dark -> light).
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that recovery of the visual field follows a gradient that is oriented perpendicular to the visual 
field border in which the more central locations (i.e. towards the defect) recover quicker 
than the more peripheral locations. This supports our previous findings that the visual field is 
enlarged gradually during training (Bergsma 2010).
Reading. Table 4.2 shows the results of the reading test of 12 patients. Average number of 
saccades and regressions (reading errors) are calculated per line and pre-post differences are 
determined using a t-test. 7 patients significantly improved their reading speed after 
training. First, the number of saccades per line decreased which indicates that saccade 
amplitudes are larger, enabling a line of text to be read faster. This is likely supported by an 
enlarged parafoveal visual field through training. Also, less regressions ("back-jumps") were 
made, which improves reading speed directly. It also indicates better text comprehension. 
These results are in line with an earlier report by Zihl & von Cramon (1985). 3 patients 
showed no change and 2 subjects significantly deteriorated in their reading speed (HBo and 
PP). HBo made more saccades and regressions during the post-training measurement. 
Before training, reading speed was already very low, probably due to the parafoveal defect 
interfering with reading. After training, this parafoveal defect remained unchanged and HBo 
even showed more regressions than before training. Also subject PP showed pronounced 
deterioration of reading speed, although he showed fewer regressions, more or less 
unchanged number of fixations and an enlarged field. PP reported that he experienced 
distracting visual sensations in the enlarged field after training. This may have interfered 
with reading performance. Field enlargement may thus be of poor quality in subject PP: 
useful for stimulus detection, but not for something more complex such as reading.
Pa
tie
nt
Pre training
Reading speed 
(words/minute)
Post training
Reading speed 
(words/minute)
Pre-Post difference 
(words/minute)
Pre-Post difference 
Average saccades and 
regressions
AM 313 391 +78 (+25%) ** AvSac - 0.4 AvReg - 0.3
HBr 315 358 +43 (+13%) ** AvSac - 1.3 AvReg - 0.6
PP 229 167 -62 (-27%) ** AvSac + 0.1 AvReg - 0.5
RQ 243 318 +75 (+31%) ** AvSac - 1.0 AvReg - 0.3
GL 178 215 +37 (+21%) ** AvSac - 0.8 AvReg - 0.4
IT 169 203 +34 (+20%) ** AvSac - 1.2 AvReg - 0.9
HBo 120 83 -37 (-31%) ** AvSac + 6.5 AvReg + 3.3
EG 259 304 +45 (+17%) ** AvSac -  1.3 AvReg - 0.5
PK 282 281 -1 (0%) AvSac -1.2 AvReg - 0.6
WD 393 392 -1 (0%) AvSac -0.1 AvReg 0
IW 154 158 +4 (+3%) AvSac -0.5 AvReg -0.1
PV 150 233 +83 (+55%) ** AvSac -4.2 AvReg -3.2
Table 4.2. Reading speed before and after training. Pre-post difference: ** = p < .005, using t-tests. AvSac = 
average number of saccades per line; AvReg = average number of regressions per line.
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VFE Significance. VFE is usually expressed as the average border shift (ABS) in degrees, 
which is shown in figure 4.3. As can be seen in figure 4.3, VFE takes place at different 
eccentricities for different subjects. To study the relationship between VFE at different 
eccentricities on the one hand and colour- and shape perception and reading on the other, 
we calculated the ECSG that is associated with the VFE of each patient and summarized the 
outcome in table 4.3.
Table 4.3. VFE of all patients in degrees (ABS) and in estimated amount of cortical surface gain in mm (ESCG).
When does VFE lead to significant perceptual and behavioural improvement? To find out, we 
compare both ABS and ECSG with performance in the perceptual and the behavioural task. 
The reading speed data of 12 patients showed that 7 patients had significantly increased 
their reading speed after RFT and 5 patients did not; the colour-and shape discrimination 
data of 7 patients showed that 3 patients improved performance significantly and 4 patients 
did not. Although the patient numbers are low, we can make some inferences about the 
relationship between VFE and performance by combining the results of both the reading 
task and the colour-and shape discrimination task, resulting in 19 observations. Figure 4.6 
shows the cumulative graphs of all performance observations as a function of ABS. Red 
markers represent significantly improved patients; blue markers represent patients that did 
not improve. The red marker curve indicates the probability that a patient's performance 
will improve significantly when the VFE is smaller than or equal to the indicated criterion 
value on the abscissa. The blue marker curve indicates the probability that for VFE larger 
than or equal to the same criterion the patient's performance will not improve.
The VFE value at which the two curves cross is taken as a threshold value because it offers 
the best criterion value to distinguish the populations of improved and not-improved 
patients. As can be seen in figure 4.6, this value appears to be about 7°.
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Figure 4.6. Cumulative data of patients with significant performance improvement (red) and without significant 
performance improvement (blue) ordered as a function of the average border shift in degrees. The value where 
the fitted cumulative distributions cross is taken as threshold value, beyond which significant improvement may 
be expected. The threshold here is 7.2 degrees.
Figure 4.7 shows the cumulative graphs of the same 19 observations as a function of ECSG. 
Again, the value at which the two curves cross is taken as a threshold, which in the case of 
ECSG amounts to about 6 mm cortex. There is slightly less overlap between the two curves 
in Fig 4.7, indicating that ECSG can better distinguish improved patients from the not 
improved patients than ABS. This is also supported by a significant correlation between ECSG 
and performance (rMMC/PERF =.57; p=.01), but not between ABS and performance 
(rABS/PERF =.41; p=.08). We therefore conclude that ECSG is the preferred measure to 
describe the effect of the training on visual field extension and its relation to perceptual and 
behavioural improvement. We estimate from our admittedly limited sample of patients that 
a criterion ECSG is about 6 mm cortex.
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Figure 4.7. Cumulative data of patients with significant performance improvement (red) and without significant 
performance improvement (blue) ordered as a function of ECSG. The value where the fitted cumulative 
distributions cross is taken as threshold value, beyond which significant improvement may be expected. The 
threshold is about 6 mm.
Discussion
In this study, visual restorative function training was administered to chronic CVA patients 
with partial cortical blindness, using a Goldmann perimeter. Zihl & Von Cramon and Kasten 
et al. trained patients in the transition zone between the blind and the seeing field (at least 
at the start of training). In our study, we trained patients in an area that was located for the 
larger part within the absolute VFD as measured with Goldmann dynamic perimetry, 
extending 10°-15° into the defect. This training results in enlarged visual fields in a majority 
of the patients. In this enlarged area, transfer to other visual functions can occur. Thus, our 
training with simple white stimuli beyond the border area of the defect had three effects: (1) 
it reduced the field defect in 9 out of 12 patients, (2) it improved brightness perception, but 
also improved colour- and shape discrimination in 3 out of 7 patients and (3) it improved 
reading speed in 7 out of 12 patients. Zihl & von Cramon (1985) mention that a minimum 
VFE (or central field sparing) is necessary for a patient to even notice it. We also found that 
for a significant improvement on the perceptual or reading tasks a minimum field 
enlargement was required that depended on the eccentricity of the defect. This minimum 
VFE becomes larger as eccentricity increases, which indicates the importance of taking 
eccentricity into account. This is reinforced by the fact that, in contrast to the average 
border shift in degrees (ABS), the estimated cortical surface gain in millimetres (ECSG)
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correlates well with the improvements in reading and/or shape-colour perception. 
Therefore, we express VFE in terms of ECSG, which takes eccentricity into account, instead of 
(ABS) which does not take eccentricity into account. Our study indicates a threshold ECSG of 
6 mm beyond which significant behavioural and perceptual improvements occur.
Kasten suggested that results like these indicate that actual restitution of cortical functions 
has taken place which partially resolves a "bottleneck" in the retino-geniculo-cortical 
pathway. However, the "bottleneck" location is not known and to the present day it can only 
be speculated as to how cortical functions return. For example, it has been hypothesized 
that VFE is based on receptive fields enlargement encroaching into the the blind field 
(Kasten, 1999). This should lead to decreased acuity in that area (because receptive field size 
and acuity are inversely related) and a decremental effect on reading (speed). Instead, we 
found that 7 patients increased their reading speed. Another hypothesis says that relative 
field defects are probably a result of reduced neuronal activity after a subtotal lesion (Sabel, 
2000). Stimulation (training) of the defect can lead to increased sensitivity or refinement of 
spared, but inactive neurones, so that less light energy is needed for detection and detection 
thresholds decrease. Before training, neuronal sensitivity may not reach the critical level that 
is needed to achieve conscious vision; during training, neuronal sensitivity is enhanced which 
can lead to conscious detection of stimuli during perimetry and VFE. Recently, Das & Huxlin 
(2010) provided an overview of hypothetical mechanisms for training-induced 
improvements of perception in cases of (partial) cortical blindness: training (1) stimulates 
spared islands of cortex within V1, (2) induces plasticity in spared perilesional V1, (3) 
reactivates damaged V1, (4) strenghtens extrastriatal pathways or (5) recruits or inhibits 
visual areas in the intact hemisphere. All variants point to changed neuronal activity by 
training. The increased neuronal activity may be a result of attentional effects on neuronal 
excitability, brought about by training. This was suggested by Zihl, who showed that 
attention modulates light-difference thresholds in the visual field (Zihl, 1979) and Poggel et 
al. who described how directed visual attention decreases detection thresholds in the visual 
field area that is attended (Poggel, 2004). In another study, Büchel & Friston showed that 
directing attention to visual motion led to increased connectivity which in turn led to 
increased neuronal activity (Büchel, 1997). Also, Marshall et al. observed that "(restorative) 
training appears to induce an alteration in brain activity associated with a shift of attention 
from the nontrained seeing field to the trained borderzone" (Marshall, 2008). These studies 
suggest that RFT teaches patients to successfully pay attention to a spared visual capacity, of 
which he/she was unaware before that moment. Sometimes, spared capacity seems absent 
(patients HBo, WD) which means that no or too little spared neurones are present and which 
explains why some subjects show no recovery.
Some additional remarks regarding improvement can be made. First, our data show that 
before training less coloured stimuli and shapes are perceived beyond the visual field border 
than after training. This improvement happens in a gradual manner: closer to the unaffected 
field, both pre- and post-training scores are higher than near the absolute defect, which 
indicates that the first improve before the latter. This confirms the results from an earlier 
study: VFE develops gradually during training (Bergsma, 2010). Second, detection thresholds
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decrease during training. In an earlier study we observed that, once threshold decrease sets 
in, it often accelerates quickly within 3-6 training sessions down to a normal or near-normal 
level (Bergsma, 2010). These observations fit the idea that restoration of original functional 
circuitry takes place through reconnection of islands of spared local visual networks to the 
larger perceptual system, instead of a new function being trained and learned. If that is true, 
it may be expected that other original visual functions that were inaccessible because of the 
VFD, may also be re-accessed as the VFD subsides. This means that original capacities of the 
visual system that were absent in the VFD, will return in the regained visual field areas. In 
this study, we indeed found improvement of non-trained cortical functions (colour and 
shape perception and reading) after training for detection of elementary white light stimuli. 
This points to a transfer effect of the training results to higher cognitive functions, in line 
with findings of other investigators: Zihl & Von Cramon observed that training lowers 
detection thresholds which leads to improved colour perception (Zihl, 1979) and increased 
reading speed after training (Zihl, 1985). Kasten et al. showed that computer-based training 
induced a visual field size increase and an improvement of colour/shape perception (Kasten, 
2000).
Methodological Issues
For 3 patients (AM, HBr and RQ) the post-onset time ranged from 6 to 9 months. In these 
cases residual spontaneous recovery cannot completely be ruled out, but it is not expected 
(Zhang et al., 2006). We therefore conclude that the visual border shifts are induced by the 
training in the majority of our patients at least.
Training with simple white stimuli not only improved brightness perception, as expressed by 
the enlarged visual fields, but also improved performance on other functions such as colour 
and shape discrimination in 3 out of 7 patients (AM, PP, RQ). These 3 patients also showed 
the largest ECSG of the group of 7 patients that were tested for colour- and shape 
discrimination. Improved colour- and shape discrimination after training was reported earlier 
by Zihl & von Cramon (1985) and Kasten et al. (2000), but it does not concur with the results 
of Pothoff (1995), who argued that these functions must be trained separately. It is not 
known whether separate training programs with task specific stimuli yields better results, 
but such an approach is certainly more time consuming than transfer of visual performance 
improvements to other tasks after a single training program with white stimuli.
The colour- and shape test locations were selected directly around and beyond the visual 
field border before training started. Because the colours we presented were all filled circles, 
it might be argued that this caused a shape-bias during this experiment in favour of 
reporting circles. If this is true, then we would expect patients to make more mistakes than 
predicted by chance in the shape condition (which means that performance values fall below
0.33, because both conditions contain 3 stimulus variants to choose from) while not so in the 
colour condition. We observed that the latter is not the case and that no preference exists 
for choosing circles, so that, although a shape-bias cannot be ruled out, it certainly is not 
more prominent than a colour-bias.
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As can be seen in figure 4.4, dissociation exists between dynamic perimetry and the 
recognition of colours and shapes. Already before training, all patients correctly identified a 
few stimuli just beyond the visual field border (as can be recognized by pre-training scores 
above chance level). We think this occurs because dynamic perimetry can yield conservative 
results within relative field defects. In this area, visual perception is reduced to partial, 
distorted or otherwise degraded perception and as a consequence, reaction times are likely 
to be increased. However, because the stimulus is being moved towards the fixation point 
during dynamic perimetry, the increased reaction time will lead to inward displacement of 
the stimulus detection location, in contrast to the static colour and shape presentation. Thus 
visual responsiveness to static stimuli may occur just beyond the field border.
Conclusion. It is possible to actually improve visual functioning in hemianopic patients by 
enlarging the visual fields using RFT, which confirms the findings of Kasten et al. (2000) and 
Zihl & von Cramon (1985), who also found significant correlations between VFE and 
improved performance. However, the transfer of training effects to other visual functions is 
not the same for all subjects. In this study we find that VFE does not automatically lead to 
improved performance on untrained for visual tasks: this depends on a minimum amount of 
eccentricity-dependant VFE. The ECSG as a measure for VFE takes eccentricity of the VFE into 
account and can quite well distinguish patients that improved significantly from patients that 
did not. Our data suggest that if training on a simple light detection task causes an ECSG of 6 
mm or more one likely will find significant behavioural and perceptual improvements.
After having studied low-level perception processes and a higher cognitive function like 
reading, it is interesting to find out if the transfer effect will also be noticeable in even higher 
functions, like driving a car. This is described in the next chapter.
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Abstract
Background. Restorative function training (RFT; vision training) aims to decrease the size of 
visual field defects after acquired brain damage. Some chronic stroke patients regain 
permission to drive a car after RFT. This points to a concomitant change in oculomotor 
behaviour, because VFE is hardly ever large enough for legal driving.
Objective. This study investigates changes in oculomotor behaviour as a result of RFT, using 
a driving simulator.
Methods. Eight hemianopia patients trained 15 weeks, 5 hours per week, with RFT on a PC 
at home. Driving performance and oculomotor behaviour in the simulator before and after 
training were measured for 6 patients with chronic stroke (complete data sets).
Results. Of the 6 patients with complete data sets, one showed no VFE (VFE) and five 
showed moderate to substantial VFE. Because less visual cortex is devoted to the processing 
of the peripheral field than to the central visual field, the same VFE corresponds to less 
functional restoration of cortex when the defect is at high eccentricity. When this is taken 
into account, then precisely the two patients that showed the largest cortical gains made 
significantly more eye movements in the direction of their visual field defect after training. 
Also, average patient driving speed increased after training; patients caused less collisions 
and patients exceeded the speed limit less often after training.
Conclusions. RFT with mandatory eye fixation can result in increased eye movement 
behaviour towards the defect. Our study suggests that a threshold amount of cortical 
functional restoration is required for this effect.
Keywords: stroke, homonymous hemianopia; restorative function training; visual field 
enlargement; driving simulator; attention.
Introduction
Roughly 25% of chronic stroke patients have visual field defects (VFDs; Zihl, 2000a). VFDs, 
such as hemianopia, interfere considerably with Activities of Daily Life (ADL) like reading, 
exploration and navigation (Raninen, 2007; Zihl, 2000a+b). Many studies have explored the 
human potential for visual field recovery by visual training. Broadly, two strategies have 
been studied. One strategy is to exploit subjects' voluntary control of eye movements to 
raise the frequency of exploratory saccades towards their defective field. This method, 
known as compensatory saccade training (CST) was successful in about 35-75% of 
hemianopia patients suffering from a stroke (Pambakian, 2004; Zihl, 1995; Kerkhoff, 1994). 
The second approach aims to reduce the extent of the blind field and thus aims at 
restoration of the visual field defect. For this purpose, Vision Restoration Therapy (VRT) was 
developed (Kasten, 1999, 1998b). In our study, we used a custom training procedure like VRT 
that we called 'restorative function training' (RFT). The term RFT was preferred instead of 
VRT in the present study, because VRT is a registered trademark. RFT is a custom made
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program different from VRT. However, RFT follows a very similar training procedure as VRT: 
it stimulates the defective area.
Field enlargement following VRT has been shown in chronic stroke patients using subjective 
perimetry (Bergsma, 2008; Raninen, 2007; Mueller, 2007; Schmielau, 2007; Kasten 2006, 
2000, 1999, 1998b; Sabel, 2005, 2000; Julkunen, 2003; Poggel, 2001; Werth, 1999; Kerkhoff, 
1999; Van der Wildt, 1997; Zihl, 1986, 1985, 1981, 1979; Pöppel, 1978). Others reported 
absence of enlargement after VRT (Roth, 2009; Reinhard, 2005; Balliet, 1985) or otherwise 
questioned its beneficial effects (Horton, 2005a+b; Plant, 2005). Reinhard et al. compared 
scanning laser ophthalmology (SLO) with high resolution perimetry (HRP) and Tübingen 
automated perimetry (TAP) before and after VRT. Within the same patients, VFE was 
observed with TAP and HRP but not with SLO (Reinhard, 2005) and several commentators 
concluded that eccentric fixation and/or frequent saccades towards the defect explained the 
positive outcomes of TAP and HRP (Horton, 2005a+b; Plant, 2005). Dispute also occurred 
because some fixation control methods are more convincing than others, thereby casting 
doubt on training effects on visual field size (Bouwmeester, 2007; Pelak, 2007). Kasten et al. 
showed that the observed visual field recovery after training is uncorrelated to the patient's 
eye movements (Kasten, 2006). This rather indirect measure for indicating absence of 
confounding eye movements was recently extended by a direct test: careful measurement 
of the gaze direction allowed us to exclude trials with fixation drifts or saccades towards the 
defect during perimetry. Thus the VFEs after RFT were exclusively based on trials with 
adequate fixation in our study (Bergsma, 2010).
VFE by itself does not necessarily imply that behavioural performance improves. This raises 
the question whether CST and RFT strategies actually lead to improvement in activities of 
Daily life (ADL)? ADL improvement after RFT has been reported in subjective questionnaires 
(Roth, 2009; Sabel, 2004; Mueller, 2003), but these may be unreliable (Pambakian, 2004). 
RFT has also been reported to improve performance in paper-pencil tests of visual 
exploration and attention (Kasten, 1999) and increase reading speed in trained hemianopia 
patients with VFE after stroke (Zihl, 1985; Bergsma, 2010). In a video-presentation of a busy 
intersection for example, hemianopia patients detected more moving traffic objects in the 
periphery after RFT (Bergsma, 2009). This suggests that the enlarged visual field is actually 
used for visual information processing, as we showed earlier for peripheral acuity, color 
vision and critical flicker fusion (Bergsma, 2008). CST enlarges the 'scan range' of a patient by 
instruction to make eye movements towards the affected hemifield (Roth, 2009; Pambakian, 
2005; Nelles, 2001) which can lead to ADL improvements (e.g. in hobbies, reading, mobility 
and orientation; Sabel, 2004; Muller, 2003). Interestingly, VRT has also been reported to 
cause some hemianopia patients to scan more in their affected visual field (Pambakian, 
2004; Kasten, 2000, 1998b), while in other studies no change in eye movement patterns 
after VRT is reported (Kasten, 2006). Given the conflicting outcomes on altered oculomotor 
behaviour after VRT, we therefore investigated in this study whether a change in eye 
movement patterns is a result of VFE after stroke.
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Several studies have reported on the important topic of driving abilities of hemianopia 
patients and on (re-) learning to drive with hemianopia (e.g. Peli, 2005; Kooijman, 2004; 
Schulte, 1999; Ball, 1993). In this study, we therefore compared the pre- and post-training 
oculomotor behaviour of chronic stroke patients with hemianopia while driving in a 
simulator. Subsequently, the effects of vision training (i.e. RFT) on driving performance of 
these patients was investigated by determining the association between 1) visual field 
enlargement and oculomotor behaviour; 2) visual field enlargement and drive simulator 
parameters as well as 3) oculomotor behaviour and drive simulator parameters.
Methods
This research followed the tenets of the Declaration of Helsinki and subject's informed 
consent was obtained. The research was approved by the Medical-ethical Committee of the 
Utrecht University.
Experimental protocol. Each patient was subject to the following procedures: 1) pre training 
perimetry, 2) pre training driving test, 3) RFT, 4) post training perimetry and 5) post training 
driving test, whereas control subjects did only follow the pre and post training driving test.
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P1 haemorrhage Right optic radiation HQ lower left M 1 45 6° 10° 8.6
P2 Infarction Left optic radiation HH right (incomplete) F 2,2 47 6° 9° 6.7
P3 Infarction Right optic radiation HH left M 6,6 57 2° 6° 16.9
P4 Infarction Right optic radiation HH left M 0,7 58 4° 8° 11.4
P5 infarction Left occipital cortex HH right F 1,2 39 4° 4° 0
P6 Infarction Right occipital cortex HH left (incomplete) M 0,5 57 19° 29° 6.6
P7 haemorrhage Right optic radiation HH left F 8,3 40 <1° <1° 0
P8 Infarction Right occipital cortex HH left M 0,7 68
<1° 4° 18.5
Table 5.1. Description of experimental subjects (hemianopia patients). HH = homonymous hemianopia; HQ = 
homonymous quadrantanopia.
Experimental subjects. Nine chronic stroke patients with homonymous VFDs volunteered for 
study participation. In the past, these patients were discharged from a hospital stroke unit 
with diagnosis stroke. Inclusion criteria were: absence of visuo-spatial neglect, stable
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fixation, (former) licensed driving experience and presence of an absolute field defect. 
Subject age ranged from 39 to 68 years (mean ± 1 S.D. = 51.9 ± 9.7 years). The time between 
stroke onset and testing ranged from 6 to 100 months (mean ± 1 S.D. = 33 ± 35 months).
Control Subjects. Six actively driving, age-matched healthy persons (C1-C6) volunteered as 
control subjects in the study. The age of the control subjects ranged from 42 to 70 years 
(mean ± 1 S.D. = 57.2 ± 10.6 years).
Restorative Function Training (RFT). Custom built software was used to administer RFT at 
the patient's home on a computer screen. The program presents, against a dark grey 
background, the visual stimulus with increasing contrast in the border area between the VFD 
and the 'seeing' field. Stimulus diameter ranged from 0.5° near the fovea to 4° at an 
eccentricity of 40°. Training areas concern the affected hemifield: central 20° for P2-P5, P7, 
P8; central 30° for P1; 20° - 40° for P6. During the training itself, eye movements are not 
allowed and the patient must exert a covert attention shift towards the affected hemifield. 
The patient presses a button when the stimulus is detected and then qualifies it by content 
or location.
If patients made saccades towards the presented stimuli during training, they would have 
inadvertently changed RFT into CST (Compensatory Saccade Training). To avoid this pitfall, 
we
1) explicitly informed patients that inaccurate fixation could reduce or preclude visual field 
recovery,
2) had regular patient contact in the early phase of training, during which patients and 
especially their spouses were asked to judge fixation behaviour during training and to 
correct it if necessary.
In our experience all patients are highly motivated to perform training as requested. As with 
all therapies which patients carry out at home, one cannot prevent entirely that the patient 
occasionally deviates from the required behaviour during the training. Yet, we feel confident 
that our procedures have reduced such events to a very low frequency or excluded them 
altogether.
Perimetry. Visual fields were assessed monocularly by measuring the borders of the 
absolute VFDs with dynamic Goldmann perimetry before and after training. Goldmann 
perimetry is used as a standard for detecting VFD's (e.g. Riemann, 2000; Wong, 2000). To 
optimize intra-examiner reliability, we repeated measurements two times at each measured 
meridian. Also, the instructions of Frisen were closely followed (Frisen, 1990). A more 
elaborate description of the perimetry method can be found in Bergsma & vd Wildt, 2008.
Driving simulator. The 'STISIM Drive' simulator (Systems Technology Inc., Hawthorne, CA, 
USA) of the psychopharmacology department at the Utrecht University was used. A Dutch 
driving scenario for the STISIM was developed by 'EyeOctopus BV' in Hoogeveen, The
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Netherlands. STISIM consists of a car-unit and a projection screen. A video beamer projected 
images (2.10m wide and 1.58m high). The distance of the observer to the screen was 2.30 -  
2.50m so that the projected image measured approximately 50°-55° horizontally and 40° 
vertically. Before and after training, patients drove a 20 km Risk Taking Ride (RTR) in a drive 
simulator, which comprised a ride through busy villages and quiet roads, during which 
events were added (e.g. crossing pedestrians and cyclists, overtaking cars or motorcycles). 
Before the RTR, participants drove 10 minutes to get accustomed to driving in the simulator. 
All participants were instructed to follow the current existing driving legislation, follow 
directions and drive safely. Patients were allowed to look around freely and no instructions 
were given concerning eye movements. Control subjects drove the same RTRs as the 
patients, with 14 to 17 weeks without training in between.
Eye movements. If RFT has an influence on visual behaviour we would expect a significant 
increase of the number of saccades to the peripheral visual field (i.e. large saccades). Small 
saccades that keep the line of sight within the central visual field were deemed irrelevant as 
the central field was intact in 5 out of 6 patients. Eye movements were recorded on video 
and transferred to DVDs. The camera was placed behind the driver, simultaneously capturing 
the projected simulation and a mirror ( 0  15cm), reflecting the driver's face. From the 
recordings, the large saccades were later counted in 12 successive RTR epochs that were 
demarcated by certain objects along the road. This was done three times by one observer 
(ML). A second observer (DB) -independently- counted the saccades of all patients an 
additional time.
'STISIM Drive' simulator parameters. Average speed, number of collisions with other 
vehicles or pedestrians, speed limit exceeding and out of-lane-scores (centerline and road 
edge crossings) were measured.
VFE eccentricity. It is common knowledge that acuity diminishes with increasing eccentricity. 
This is caused by the fact that with increasing eccentricity, less cortical tissue is devoted to 1 
degree of visual angle. Therefore, foveal vision provides for a much higher visual resolution 
than peripheral vision. This means that a VFE near the fovea is much more striking or 
conspicuous than a VFE of the same size in the peripheral visual field. Expressing VFE in 
terms of an average border shift (in degrees) does not make a distinction between possible 
different eccentricities at which VFE occurred. This weakens correlations between training 
induced improvements and the VFE (in degrees), because a conspicuous foveal VFE is more 
likely to induce improvements than an inconspicuous peripheral enlargement (see chapter 4 
of this thesis). Therefore, for each patient we convert the observed VFE into a general 
cortical measure of enlargement (based on the Cortical Magnification Factor (CMF); Cowey, 
1974) and compare this to the patients' oculomotor behaviour in a driving simulator.
Statistical Analyses. Changes in oculomotor behaviour (the number of saccades to the left or 
the right) across epochs were evaluated using Multivariate GLM (MANOVA) in SPSS for all 
participants. To study the relationship between visual field enlargement and oculomotor
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behaviour, we calculate the probability that a patient from the experimental group shows a 
change in saccade pattern and field enlargement by sheer coincidence. This probability is a 
combinatorial problem:
(Equation [1]) P(n , m; j , k) = \  j .
(n -  j )! m!
n!(m -  j )!
where j  = number of different sets of subjects (j < k) that can be taken by random
selection from a population of ‘k' subjects); m = number of patients with a change in eye 
movements; j = number of patients that show both change in eye movement and significant 
field enlargement; k = number of patients that shows a significant field enlargement.
Non-parametric t-tests of pre/post training STISIM measurements were performed within 
the patient group and within the control group (paired samples; Wilcoxon signed rank test) 
and between the patient and control groups (independent samples; Mann-Whitney U test). 
All tests were applied with a two-tailed analysis and 0.05 as the level of significance.
To study the relationships oculomotor behaviour - drive simulator parameters and VFE - 
drive simulator parameters we used non-parametric t-tests (Wilcoxon signed rank test) with 
a two-tailed analysis and 0.05 as the level of significance.
Results
Hemianopia patients trained for a period of 15 weeks, 5 days a week, 1 hour daily. Personal 
circumstances caused total training time to vary between 70 and 90 hours (mean ± 1 S.D. = 
78.1 ± 5.9 hrs). After training, two patients (P3 and P4) showed a significantly increased 
amount of eye movements towards the affected visual field.
Complete data of six patients were available for analysis (visual field, eye movement scores 
and STISIM data for P1-P6). Eye movement data of two patients were lost due to technical 
reasons (P7 and P8) and are not reported. No data were available of a ninth participant, 
because this patient dropped out from training and did not participate in the post-training 
measurements.
RFT effects on visual fields. Figure 5.1 shows the homonymous pre- and post-training 
absolute VFDs for the eye in which the blind spot could be measured (N=8). Two hemianopia 
patients show average VFD border shifts of > 5° (P3 and P6); four show average shifts 
between 2° and 5° (P1, P2, P4 and P8) and two hemianopia patients have negligible 
enlargements < 2° (P5 and P7). The average shift was 3.88°.
93
Figure 5.1. Pre- and post-training visual fields of trained hemianopia patients.
VFE eccentricity. As mentioned in the Methods section, VFE can also be expressed in the 
average amount of cortical tissue that represents the VFE. To do so, we use the Cortical 
Magnification Factor (CMF) (Cowey, 1974). The CMF describes how much cortex (in mm) is 
devoted to 1° of visual field angle as a function of the eccentricity (see table 5.2). The CMF is 
known to describe very well the eccentricity dependence of performance on various visual 
tasks like spatial discrimination, motion detection, and shape recognition. The different VFEs 
of the 8 patients are shown in table 5.1. We now see that there are actually 2 patients with 
negligible VFEs, 3 patients with moderate VFEs (6/ -  9 mm) and 3 patients with large VFEs 
(11/ -  18/ mm).
Eccentricity 2° 5° 10° 15° 20° 25° 3 o o
Cortical Area for 1° | 6 mm |  3 mm 1.8 mm 1.1 mm 0.8 mm 0.6 mm 0.5 mm
Table 5.2. Magnification factor (mm cortex per degree of visual angle) at different eccentricities (Cowey, 1974).
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Oculomotor behaviour while driving. The inter-class correlation between the scores of both 
observers -to define inter-observer reliability- was 0.77 and 0.62 for left and right eye 
movements, respectively. In Life Sciences, a value > 0.6 is regarded as a sufficient inter-class- 
correlation (Landis, 1977), so the observations are considered reliable. The average of the 
three scores of observer 1 was used for further analysis. Figure 5.2 shows the average 
number of saccades to the right and the left for each of the 12 epochs pre- and post-training 
for the 6 patients with complete data (P1-P6) and 6 control subjects (C1 -  C6). In 2 out of 
the 6 patients, a significant increase was found in the amount of saccades in the direction of 
their (left) visual field defect after training: P3 (F(1,21)=5.110; p=.035) and P4 (F(1,21)=6.931; 
p=.016). Although P1 clearly also made more saccades to his (left) defect visual field after 
training, this effect was not significant (F(1,21)=2.187; p=.154).
Figure 5.2. Average number of left- and rightward saccades (y-axis) of each epoch (x-axis) during pre- and post 
training RTR in 6 patients (fig 5.2 A) and 6 controls (fig 5.2B). *: significant increase in the number of saccades 
to the defect visual field after training (p<0.05). No significant differences were found between the pre- and 
post-training number of saccades to the left or the right of the control subjects. Note the different scale of the y- 
axis of C5.
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As expected, for the C1 -  C6, the number of saccades to either right or left did not differ 
significantly between the first and the second measurement.
STISIM Parameters (N=6). Table 5.3 sums up the values of the pre- and post-training STISIM 
parameters (average speed; number of collisions with other vehicles; number of pedestrians 
hit; number of times speed was exceeded; percentage of total distance driving out of lane). 
Pre-post STISIM measurements were compared between patient and control groups:
(1) Before training, patient average speed (39.3 kph) was significantly lower compared to 
post-training values (40.0 kph) (Wilcoxon: Z=-2.547, p=.011). No difference was observed in 
the control group (Z=-0.314, p=.753). Before training, controls drove significantly faster (47.1 
kph) than patients (M-W: Z=-2.236, p=.025). After training, the average driving speed of the 
patient group approached the average of the control group (47.0 kph) (Z=-1.061, p=.289).
STISIM parameters
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Patients
P1 34.3 36.3 5 1 1 1 2 1 12.9 11.8
P2 44.7 50.9 4 1 1 2 7 9 15.4 12.7
P3 39.6 42.7 5 2 3 2 5 4 13.9 13.0
P4 46.0 47.6 0 0 2 2 8 7 10.8 9.8
P5 33.0 36.4 1 0 0 1 1 0 15.9 13.9
P6 41.5 44.2 2 0 2 1 2 1 11.6 12.8
Controls
C1 45.9 48.1 1 0 1 1 10 5 12.8 13.0
C2 50.2 47.8 1 0 1 0 9 6 11.7 11.9
C3 51.5 54.0 0 1 1 1 4 6 12.0 12.0
C4 50.2 50.1 1 2 0 1 7 9 10.7 11.1
C5 44.6 39.5 1 0 0 1 5 3 11.5 10.8
C6 40.4 42.5 1 0 0 1 1 3 9.4 9.5
Table 5.3. Pre- and post-training values of five different STISIM measurements.
(2). In all patients the number of collisions with other vehicles decreased after training. 
Before training, patients have significantly more collisions than controls (Z=-2.321, p=.020), a 
difference that disappears after training. Patients do improve on this variable, but not 
significantly.
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(3) In the patient group a slight reduction occurs of the number of collisions with pedestrians 
after training (mean pre = 1.63, mean post = 1.25; controls: 0.50 and 0.84 respectively). 
Before training, the difference between patients and controls just missed significance (Z=- 
1.852; p=.064), after training the difference is not significant.
(4) All patients, except P2, exceeded the speed limit less often after training (mean pre = 
4.25; mean post = 3.25). This change is however not significant (Z=-1.611; p=.107). Controls 
exceed speed limits more often (mean pre = 6; mean post = 5.34; difference n.s.). Patients 
and controls do not differ significantly before and after training.
(5) Finally, patients show significantly higher percentages of total distance driving out of lane 
than the control group before training (Z=-2.239, p=.025), but this difference disappears 
after training. Again, although 6 patients improve regarding this variable, the improvement 
is not significant for the patient group as a whole.
Relation between visual field enlargement and oculomotor behaviour (N=6). To study this 
relation, we calculated the probability that a patient from the experimental group shows a 
change in saccade pattern and field enlargement by sheer coincidence. Hemianopia patients 
with large field enlargements (P3, P4) also showed:
i. significant increase of horizontal saccades (P3, P4)
ii. significant increase of saccades to the affected hemifield, irrespective of saccades to 
the other side (P3, P4), but
iii. no significant increase of saccades to the affected side and equal or less saccades to 
the other side.
Since conditions i and ii both concern P3 and P4, the result of equation [1] is the same: 
P(6,2;2,2) = 1*24*2 /(720*1 ) = 0.067 (n=6, m=j=k=2).
The null hypothesis that hemianopia patients with significant field recovery make more 
horizontal eye movements by sheer coincidence is close to rejection at the 5% level.
Relation between visual field enlargement and STISIM parameters (N=6). Taking the CMF 
(Cowey, 1974) into account, only P3 and P4 showed a significant field enlargement. P1, P2 
and P6 showed medium field enlargement, but they were not significant. We compare pre­
post parameter changes between the 2 patient-subgroups (2 hemianopia patients with and 
4 hemianopia patients without significant field enlargement). Again, the groups are rather 
small, so that the tests do not have a high power. This may have caused the fact that we 
found no significant differences between the two subgroups of patients for the STISIM 
parameters: Average Speed (Z= -1.342; p=.180); Number of Collisions (Z=-1.207; p=.227); Hit 
Pedestrians (Z=-1.238; p=.216); Speed Exceeding (Z= -1.366; p=.172) and Out-of-Lane scores 
(Z=-.600; p=.549).
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Relation between oculomotor behaviour and STISIM parameters (N=6). What does a 
significant increase of horizontal saccades imply for driving behaviour? Because of the same 
small amount of patients, significant differences or trends in STISIM parameters that are 
associated with changed eye movement behaviour should not be expected: Average Speed 
(Z= -.925; p=.355); Number of Collisions (Z=-.705; p=.481); Hit Pedestrians (Z=-.968; p= .333); 
Speed Exceeding (Z= -.787; p=.480) and Out-of-Lane scores (Z=0; p=1).
Discussion
We trained 8 patients for restoration of the visual field using a strict fixation protocol and 
collected eye movement data from 6 of these patients in a driving simulator. In the group of 
8 patients, we found VFEs ranging from 2° - 10° in 6 patients with a mean border shift of 
3.9°. The two remaining patients showed no enlargement. These results concur with data 
from Kasten et al. (Kasten, 1998b). When VFE is expressed in the amount of cortex (in mm) 
that is involved, VFEs range from 6.6 mm -  18.5 mm. Importantly, in the group of 6 patients 
with eye movement data, precisely the 2 patients with the largest VFE (16.9 and 11.4 mm; 
P3 and P4) showed a significant increase in the number of large saccades towards the VFD. 
Unfortunately, no eye movement data were collected for the third patient with a VFE of 18.5 
mm (P8). We conclude that RFT can show an untrained side-effect: increased frequency of 
saccades to the defective hemifield if a threshold VFE is reached after RFT. Looking at the 
data in table 5.1, this threshold VFE appears to be about 10 mm cortex. This suggests that 
above threshold VFE enables patients to attend and direct gaze to the recovered visual field. 
We could not establish significant improvement in driving behaviour as a result of this 
change in saccadic behaviour, probably as a result of lack of statistical power. Before we 
interpret these results, we address two major questions: (1) was the change in the visual 
field size reliable and (2) was the change in saccadic behaviour caused by that change in field 
size? The visual field was measured using standard perimetry while strict eye fixation was 
requested. The field data of figure 5.1 are based only on those trials when the patient 
maintained fixation, so our estimates of the recovered field are adequate and not affected 
by breaking fixation during perimetry. Admittedly, the conversion of the perimetrical field 
recovery into a cortical measure involves a CMF measure that is derived from normal human 
subjects. Thus, our criterion assumes that for recovery of function the equivalent of the 
normal amount of human cortex at that eccentricity is required. Interestingly, Korogi et al. 
confirmed the CMF in patients with cortical damage, suggesting that the CMF remains a valid 
description of (visual) cortical organization in those patients (Korogi, 1997).
Could the observed change in oculomotor behaviour be the result of CST? If patients made 
saccades during training, they could convert RFT into CST. However, we would then expect 
dissociations between changes in saccadic behaviour and field enlargement: first, VFE as we 
found, does not occur in CST (Roth, 2009). Secondly, we did not find an increase in the 
number of saccades in the patients without significant field enlargement, which would have
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been expected after CST. Therefore, we conclude that a threshold VFE needs to be reached 
to affect behavioural performance gains. This threshold depends on the CMF (Cowey, 1974) 
and thus the eccentricity of the visual field border. Humans are able to make instructed 
saccades away from a visual target towards an empty space (Munoz, 2004), which changes 
frontal cortex activity (Connolly, 2002) prior to the saccade. It is known that, even though 
human subjects maintain fixation, their expectations about imminent target occurrence 
affect the preparatory state of the saccadic system. This effect builds up across trials 
(Fecteau, 2003) and is manifest during subtle (<1°) anticipatory eye movements (Kowler, 
1981). To our knowledge it is unknown to what extent such bias can become permanent. 
Activity in frontal cortex is known to change in hemianopes (Nelles, 2007) compared to 
healthy subjects, reflecting changed behaviour that possibly derives from the normal human 
ability to change frontal activity voluntarily (Connolly, 2002) or automatically in response to 
probability changes of target occurrence (Fecteau, 2003; Carpenter, 1995). Thus, we suggest 
that our patients may have been stimulated by our training and the resulting VFE to make 
more frequently saccades towards their defect and behave like patients with acquired 
tunnel vision that frequently make saccades outside their visual field (Luo, 2008). It is 
possible that directing our patients' attention to their blind hemifield during training 
affected their saccadic behaviour in daily life (when mandatory eye fixation is absent). 
Directed attention to the VFD leads immediately to -temporary-improved residual vision 
(Poggel, 2004). It is conceivable that repeatedly focusing attention to the VFD leads to an 
increased expectancy for targets in the blind field, which increases the tendency to make 
saccades in the direction of the VFD, but that these saccades are (relatively) successfully 
suppressed during RFT and 'released' at other moments. This means that successful RFT 
results in both restoration of visual fields and substitution by making eye movements. This 
may explain why some hemianopia patients from patient groups in earlier studies regained 
permission to drive a car again after training.
Does this also imply better driving in the simulator? As a group, patients did not show 
significant improvement due to training. However, given the variable training success with 
respect to field enlargement this may not be too surprising. There are some noteworthy 
trends in the individual performance. Three patients without significant field enlargement 
(P2, P5 and P6) showed increases in one or two of the STISIM parameters post training, 
indicating worse performance. In contrast, the other patients (P1, P3 and P4) only showed 
equal or improved performance after training according to the STISIM parameters. As 
mentioned before P3 and P4 showed large field enlargement across the entire vertical 
meridian. P1 showed near significant field enlargement in a limited range of directions (the 
lower left, figure 5.2). In addition, P1 appears to make more horizontal eye movements 
(Figure 5.2, epochs 2 & 9). Because we measured horizontal movements ignoring the vertical 
component, an increase in the number of movements to the lower left may have been 
rendered insignificant because pure horizontal and movements to the upper-left were not 
increased in patient P1. Thus, the STISIM parameters appear to tally well with the eye 
movement scores and field-enlargement data.
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A final remark must be made concerning the tendency of all subjects to make more saccades 
to the right than to the left, irrespective of defect or training. We think this is caused by the 
fact that the speedometer and gear-indicator of the driving simulator were displayed in the 
right visual field. All subjects frequently consulted this display. Also, all road signs and traffic 
lights were placed on the right side of the road, which subjects looked at regularly.
This study has a number of limitations. First, the small patient sample makes it difficult to 
significantly relate VFE and STISIM parameters. Second, our study had a pre-experimental 
design, acknowledging that data from a randomized clinical trial conducted in a larger 
sample may have produced less biased results with respect to number of saccadic eye 
movements. Third, the use of an electronic eye tracking device would have made the use of 
observers redundant and would have provided more precise information about the 
magnitude of saccades. Nevertheless, although the small sample of patients and the eye 
movement analysis on a nominal scale set limits to the quantitative and statistical power of 
our findings, we think that our data strongly suggest that RFT can lead to VFE and this 
enlargement can induce saccades towards the VFD outside the training setting.
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Abstract:
Cerebral blindness is a loss of vision that is most commonly a result of post-chiasmatic 
damage to the visual pathways. Parts of the lost visual field can be restored through training. 
However, the neuronal mechanisms through which training effects occur are still unclear. 
We therefore assessed training induced changes in brain function in 8 patients with cerebral 
blindness. Visual fields were measured with perimetry, and retinotopic maps were acquired 
with functional Magnetic Resonance Imaging (fMRI) before and after vision restoration 
training. We assessed differences in hemodynamic responses between sessions that 
represented changes in amplitudes of neural responses, and changes in receptive field 
locations and sizes. Perimetry results showed highly varied visual field recovery with shifts of 
the central visual field border ranging between 1° and 7°. fMRI results showed that although 
retinotopic maps were mostly stable over sessions, there was a small shift of receptive field 
locations towards a higher eccentricity after training in addition to increases in receptive 
field sizes. These effects were stronger in the affected than in the intact hemisphere. 
Changes in receptive field size and location could account for limited visual field recovery 
(±1°). It can however not account for the large increases in visual field size that were 
observed in some patients. Furthermore, the retinotopic maps strongly matched perimetry 
measurements before training. These results are taken to indicate that local visual field 
enlargements (VFEs) are caused by receptive field changes in early visual cortex whereas 
large scale improvement can not be explained by this mechanism.
Keywords: fMRI, Cerebral blindness, Hemianopia, Training, Visual restoration 
Introduction
Cerebral blindness refers to a condition where the patient suffers from visual field defects as 
a consequence of post chiasmatic damage to the visual pathways. This condition is in most 
cases the result of stroke, causing an estimated number between 90.000 and 100.000 of new 
cases of cerebral blindness each year in the USA and Europe alone (Sahraie, 2007). In the last 
15 years, an increasing number of studies have shown that the effects of brain injury to the 
visual pathways be reversed through training to some extent, also in patients with older 
lesions (>2 years) and stable deficits (Bergsma and Van der Wildt, 2008, 2010; Schmielau, 
2007; Mueller, 2007a; Julkunen, 2003; Poggel, 2001; Kasten, 1998a+b, 2000, 2006; Van der 
Wildt and Bergsma, 1998) During training, subjects are requested to repeatedly fixate their 
gaze on a central point and detect stimuli at the border zone between the functioning and 
impaired portion of the visual field, which results in gradual enlargement of the visual field 
(Bergsma and Van der Wildt, 2010).
The neuronal mechanisms through which this restoration of vision occurs are still not 
understood. As a result, the assessment of gain through training is mostly based on first 
person reports. Therefore we want to address visual field recovery with more objective 
measures. Recent imaging studies have shed light on some possible neuronal mechanisms 
for recovery. Henriksson et al. observed that after extensive training, the intact hemisphere 
processed the information from both hemifields in a subject with homonymous hemianopia.
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This implies that voxels in the intact hemisphere gained a second receptive field in the other 
hemifield, suggesting the potential for massive reorganization (Henriksson, 2007). The 
notion that therapy can induce structural changes is further supported by an fMRI study that 
found indirect evidence for changing receptive field properties in patients with macular 
degeneration (Schumacher, 2008). On the other hand, Ho et al. measured the presence of 
brain activation that represented a portion of the visual field that was damaged according to 
perimetry (Ho, 2009). Such residual capacity could be a possible target for vision restoration 
training. However, considering the variation in brain damage and the outcome of training of 
individual patients, it is imperative that the neuronal mechanisms that play a role in training 
are not only assessed in case studies.
In the current study we investigated the properties of early visual cortex (V1, V2, and V3) 
before and after vision restoration training by measuring changes in Blood Oxygenation 
Level Dependent (BOLD) responses during retinotopic mapping stimuli in a heterogeneous 
experimental group considering size and nature of the lesion, and the size of visual field loss. 
We assessed between session differences in amplitude, onset time, and width (dispersion) of 
BOLD responses during the mapping stimuli in V1, V2, and V3. These differences in BOLD 
responses respectively reflected changes in the strength of the visually evoked responses, 
changes in the location of the receptive fields of voxels, and changes in the receptive field 
sizes of voxels. In addition we assessed whether there were changes in amplitudes of a 
second BOLD response per cycle, to assess whether voxels gained a second receptive field as 
a result of training, which would be predicted based on the results of Henriksson 
(Henriksson, 2007). Our data indicated that training induced small shifts of receptive field 
locations towards the eccentricity, in addition to increases in receptive field size, which could 
explain small visual field recovery.
Methods
Subjects
Eight patients with one sided homonymous visual field defects volunteered for participation 
via a website. All subjects gave informed consent for participation, approved by the local 
ethics committees of the University Medical Centre Utrecht in accordance with the 
Declaration of Helsinki of the World Medical Association. When necessary, subjects wore 
MR-compatible glasses. The minimum time post-lesion at the onset of training was 6 months 
to avoid confounding of training effects by natural recovery (Zhang, 2006) As additional 
check, all patients (except patient 6), were measured twice before commencing the training 
and no patient showed any change in the size of the visual field defect. A summary of the 
subject data is shown in table 6.1. The locations of the lesion for the 8 patients were:
• Patient 1: the medial part of the right occipital lobe, including the area around the 
calcarine sulcus, and the ventral part of the posterior temporal cortex;
• Patient 2; the dorso-anterior part of the area around the left calcarine sulcus;
103
• Patient 3: the lateral geniculate nucleus. The occipital lobe was unaffected;
• Patient 4: the dorso-anterior part of the area around the right calcarine sulcus;
• Patient 5: the medial part of the left occipital lobe, including the inferior part if the 
area around the calcarine sulcus, and the posterior part of the medial temporal lobe;
• Patient 6: the dorso-lateral part of the right occipital lobe, the inferior parietal lobe, 
and the dorsal part of the posterior temporal cortex. The area around the calcarine 
sulcus was unaffected;
• Patient 7: the ventro-anterior part of the area around the left calcarine sulcus;
• Patient 8: small lesion affecting the lateral part of the area around right calcarine 
sulcus.
MRI scans providing details on the location and the extent of the lesion for each patient can 
be seen in figure 6.1.
Table 6.1. Profile of subjects. Y = years; M = months; TPL = time post lesion; CFS = central field sparing pre or 
post training.
Training and perimetry measurements
Training was performed on a manual Goldmann perimeter. Subjects were trained 
monocularly for both eyes consecutively with repeated trials of stimulus detection threshold 
measurements. Background luminance was 31.5 asb (=10cd/m2). Luminance of the white, 
circular stimulus (Goldmann IV, diameter: 1°) was set at 12.5 asb (IV-1a =4 cd/m2) and was 
increased stepwise with a 0.1 log unit change up to 1000 asb (IV-4e =318cd/m2). Subjects 
responded after stimulus detection during central fixation. Subjects were presented with a
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Figure 6.1. T1 weighted images of the patients. Slices are chosen for each patient individually to optimally show 
the location and extend of the lesion. Scans are positioned in Talairach orientation and are displayed in 
neurological convention. The white cross is centered on the lesion and indicates the x, y and z location of the 
shown slices. Superimposed in red-yellow are the voxels that had a significant BOLD response during polar angle 
mapping and during eccentricity mapping before and after training. The red-yellow intensity represents the 
mean f-value for polar angle mapping and eccentricity mapping before and after training.
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wide-ranged set of stimuli on fixed locations in the damaged portion of the visual field. 
During training, fixation was monitored visually so that small changes in eye position could 
be detected. However, when a subject starts a session with a parafoveal fixation, it can only 
be detected if the deviation from the fixation point is large enough. Therefore, in addition, 
the blind spot is probed on several occasions during each training session to check for 
fixation. During perimetry, gaze direction was continuously monitored with an eye tracker 
(Eyelink II). Using the eye tracker data, trials with inadequate fixation could be discarded, so 
that perimetry was based on trials with adequate fixation only. The method is described in 
more detail in Bergsma & Van der Wildt (Bergsma, 2008). Subjects were trained under 
constant supervision during a period of 10 weeks. There were 4 sessions of 1 hour each 
week, making a total of 40 training hours per subject.
Scanning protocol
Subjects participated in two scanning sessions with an pre-post training interval of 10 weeks. 
Scanning was performed on a Philips Achieva 3T scanner (Philips Medical Systems, Best, the 
Netherlands) with a Quasar Dual gradient set. For functional images, a SENSE 
implementation of a navigated 3D-PRESTO pulse sequence was used (Golay, 2000; Neggers, 
2008). PRESTO sequences allow very short acquisition times by already applying the next 
excitation before signal readout using a technique called echo shifting. Slices were acquired 
in the coronal orientation. The acquisition parameters were: TR=30 ms (time between 2 
subsequent RF pulses); effective TE=43.87 ms; FOV(inferior-superior, right-left, anterior- 
posterior)= 200x160x65 mm; flip angle=10°; matrix: 80x64x26 slices; voxel size 2.5 mm 
isotropic; 8 channel head coil; SENSE factors=2.0 (left-right) and 1.8 (anterior-posterior). A 
new volume was acquired every 540 ms, and encompassed the posterior 65 mm of the 
brain. A T1 weighted structural image of the whole brain (voxel resolution = 0.875 * 0.875 * 
1.00 mm; FOV=168*224*160 mm) was acquired in transversal orientation at the end of the 
functional series on both scanning days. A total of 3704 images were acquired in 4 series 
during each session, with a mean duration of 500 seconds per series.
Stimuli
The procedures and stimuli for session one and session two were identical. For task 
presentation we used a desktop PC, a projection screen, and a video-projector system. The 
start of each series of stimuli was triggered by the scanner. During all stimuli, there was a red 
central fixation dot (radius of 0.1° visual angle) that was surrounded by a circular aperture 
(radius of 0.5° visual angle). Subjects were requested to maintain fixated on the fixation dot 
regardless of the presented stimuli. For eccentricity mapping, we used a contracting ring 
with a maximum eccentricity of 7.5° visual angle. After the ring was fully contracted (0.5° 
eccentricity), it returned to its maximum eccentricity. The width of the ring changed with 
eccentricity. There were 2 runs of eccentricity mapping, each containing 8 stimulus cycles of 
60 s, with a total duration of 960 s (1778 functional images). For polar angle mapping, we 
used a rotating wedge (18° circular angle) that extended to a maximum eccentricity of 7.5° 
visual angle. There were 2 runs of polar angle mapping, each containing stimulus 26 cycles of
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20 s, with a total duration of 1040 s (1926 functional images). Both the rotating wedge and 
the expanding ring contained a checkerboard pattern with green and red squares that 
reversed colour every 125 ms. There were no resting periods during the stimulus 
presentation. The start of each stimulus cycle of the wedge and the ring was logged to a file. 
Eye movements were not recorded during the scanning sessions.
Statistical Analysis
All spatial pre-processing steps were done using SPM5 (http://www.fil.ion.ucl.ac.uk/spm/). 
The functional images of both scanning sessions were realigned in a two pass procedure to 
the mean functional image and subsequently resliced. No smoothing was applied. Further 
analysis steps were performed in combination with custom routines in IDL (Research 
Systems Inc. Boulder, USA), and were done separately for each scanning session and for 
polar angle and eccentricity mapping. For removing low frequency noise from the data, a 
design matrix was created containing the mean of each image, and cosine functions forming 
a high-pass filter with a cut-off at two times the duration of a stimulus cycle (26 cosine 
functions per series of polar angle mapping, and 8 cosine functions per series of eccentricity 
mapping). The mean of each factor was removed from the design matrix and a model was 
estimated for each voxel using a GLM. The estimated model with the exception of the 
intercept was subtracted from the data. The filtered data were subsequently rescaled to 
percent signal change relative to the mean signal.
Two design matrices, containing 20 finite impulse response (FIR) functions each, were 
created for the polar angle mapping and for the eccentricity mapping using SPM. The used 
window length was the duration of one stimulus cycle. The coefficient estimates for the 
impulse functions form the average BOLD response during a stimulus cycle of either polar 
angle mapping of eccentricity mapping (both interpolated to 20 time points). The design 
matrices were separately applied to the functional data of session one, the functional data 
of session two, and to the signal difference between the two sessions. This resulted in 2 
(polar angle and eccentricity) x 3 (session 1, session 2, and the difference between the 
sessions) x 20 (number of impulse functions) volumes with regressor coefficient estimates 
and 2 x 3 volumes with f-values for the FIR models.
The mean BOLD responses per stimulus cycle (i.e. the maps containing the regressor 
coefficients of the FIR model) were used for further analysis. The purpose was to determine 
for each voxel and each session: 1) the amplitude of the BOLD response, 2) the timing of the 
BOLD response (i.e. a difference in receptive field location) 3) the width of the BOLD 
response (i.e. the receptive field size). In order to reduce processing time, this analysis was 
performed on the mean BOLD responses for each stimulus cycle, instead of the complete 
time series. A matrix with 400 (20 x 20) curves was created that represented BOLD responses 
with different onsets (20 polar angle or eccentricity steps) and different dispersions (20 
steps). These curves were generated by creating blocked neural responses with different 
onset times and durations, and convolving the blocked neural responses with a BOLD 
response. All curves were scaled between 0 and 1. A schematic representation of the matrix 
with the curves can be seen in figure 6.2.
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Figure 6.2: Schematic of the matrix of curves that were sequentially fitted to the mean responses. Note that the 
real matrix contained 2 0 x 20 steps. The dispersion increases over the horizontal axis, and the lag increases over 
the vertical axis.
Each curve was fitted to the BOLD responses in each voxel of session one and session two 
using a linear regression. The estimated dispersion and polar angle/eccentricity for each 
session was selected by the factor with the highest correlation. The estimated regressor 
coefficient of the curve with the highest correlation represented the amplitude. Thus for 
each session, a model of the BOLD response was created that demonstrated a best fit with 
the data considering amplitude, onset, and dispersion. Subsequently it was estimated for 
each voxel before and after training whether the mean response it demonstrated was 
significantly BOLD-like. This was done by calculating the product of the f-value of the FIR- 
model for the separate sessions, and the R2 of the fit of
the model of the BOLD response on the mean response. Only voxels that showed a 
significant BOLD-like response before and after training (p<0.05; Bonferroni corrected), were 
considered for analysis of changes in amplitude, lag, and dispersion. For information on the
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number of voxels that met this criterion and the number of voxels that were discarded, see 
table 6.2.
Subject Session 1 Session 2 Overlap
Patient 1 446 290 230
Patient 2 661 440 369
Patient 3 445 757 349
Patient 4 583 531 375
Patient 5 582 310 258
Patient 6 133 52 49
Patient 7 454 470 347
Patient 8 476 628 347
Table 6.2: The number of voxels in each patient that showed a significant BOLD-like response during polar angle 
mapping and eccentricity mapping for session 1 (first column), session 2 (second column), and for both sessions 
(third column).
An additional analysis was performed to detect the presence of a second peak representing 
a second receptive field. Therefore the fitting process was repeated on the residual 
responses (i.e. the mean response after regressing out the curve with the highest fit).
In order to estimate whether between session differences in amplitude, lag, and dispersion 
were significant, we calculated the amount of variance of the responses of the second 
session after:
1: Subtraction of the model of session one
2: Subtraction of the model of session one, but with the estimated amplitude of 
session two
3: Subtraction of the model of session one, but with the estimated amplitude and 
onset of session two
4: The model of session two.
The reduction in variance with each calculation (1 to 4) is related to changes between 
sessions in amplitude (1-2), changes in onset (2-3), and changes in dispersion (3-4) of the 
BOLD response. The reduction in variance with each step was subsequently expressed as a 
proportion of the total between session variance. An estimate of the corresponding f-value 
could then be given by the product of this percentage and the F-value of the FIR-model for 
the difference between sessions. This resulted in F-maps for differences in amplitude, onset, 
and dispersion of the BOLD response. An example of mean responses during stimulus cycles 
and the corresponding fitted models can be seen in figure 6.3.
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Figure 6.3: Example of average BOLD responses as estimated with the FIR model in a voxel of patient 2 during 
polar angle mapping and eccentricity mapping. The amplitude of the BOLD response is relative to the mean 
signal during the cycle. This voxel had different responses during eccentricity mapping, but not during polar 
angle mapping. The corresponding models with the best fit considering amplitude, lag, and dispersion are 
plotted in the same graph with dotted lines. The f-value for the difference in responses between sessions is 
indicated in the graphs. The circular plots on the right give the estimates of the proportion of the between 
session variance that is caused by changes in amplitude, lag, and dispersion.
Segmentation of retinotopic areas:
The T1 images from both sessions were corrected for intensity inhomogeneities using the 
segmentation utility in SPM5 (Ashburner and Friston, 2005) and subsequently registered and 
averaged. Surface reconstructions were made using the Computerized Anatomical 
Reconstruction and Editing Tool Kit (CARET) (Van Essen, 2001). When field-maps were 
sufficiently intact, retinotopic areas V1, V2, and V3 were manually segmented by drawing 
borders along the reversals in the change of the polar angle representation. An additional 
segment was drawn manually on the non-inflated surface that encompassed the anatomical 
location of V1, V2, and V3 in both the intact and damaged hemisphere. When the retinotopic 
maps were too damaged for normal drawing, this segment was drawn based on the 
assumption of symmetry in functional anatomy between hemispheres. This was the case for 
patient 1, 3, 5, 6, and 7. An example of a segment is shown in figure 6.4 (for subject 7). Note
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Segmentation example
Figure 6.4. Illustration of the segmentation for subject 7. The left visual cortex was damaged, therefore an 
outline for a search area for visual activation was drawn based on the intact hemisphere. Purple shows the 
segment that was drawn for this subject for the left and right hemisphere.
that no specific statements regarding the location of activation in these areas can be made. 
The segment was also somewhat dilated to ascertain that it enclosed V1-V3 also in the 
damaged hemisphere. The resulting segment for each patient can be seen in figure 6.1. 
These segments were used as a search area for visual activation. All surface segments were 
converted back to volumetric format and used as ROIs in further analysis.
Results
Perimetry results
All patients but one (patient 3) showed an increase in visual field size following training. The 
average central field sparing before and after training can be seen in table 6.1. Although 
most patients benefited from training, the amount of increase varied considerably between 
patients, but was significant (mean increase in average central field sparing=3.94°; SD=2.75°; 
Wilcoxon signed ranks test Z=2.38; p=0.017). Perimetry results for the central 15° part of the 
visual field (i.e. the part of the visual field that was mapped with fMRI) can also be seen in 
figure 6.5. No shift in the blind spot was observed in the 8 patients.
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Figure 6.5. Caption on p.114
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Figure 6.6. Caption on p. 114
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Figure 6.5: Visual field maps of the eight patients as measured with perimetry and with fMRI before and after 
training. Perimetry results are shown in the background by the partial circle in grey and white. The white 
delineated portion of the circle represents the visual field where stimuli were detected before and after training. 
In the grey delineated portion, stimuli were only detected after training. The un-delineated portion was blind 
before and after training. Superimposed are visual field locations that were represented by voxels in early visual 
cortices as measured with fMRI. When a significant difference in lag was present, the represented location of 
the first session in shown in purple, and the location of the second session is shown in green.
Figure 6.6. Perimetry results with superimposed the visual field locations that were represented by voxels in V1, 
V2, and V3 as measured with fMRI. When the cortex was too damaged to make an adequate segmentation, the 
voxel is marked as unclassified. When a voxel did produce a significant response BOLD-like response during only 
one of the sessions, with a significant difference in amplitude between the sessions, this is indicated on the field  
maps.
fMRI results
fMRI results were compared to perimetry results by plotting the receptive field locations of 
individual voxels on the visual fields as measured with perimetry (figure 6.5). Voxels were 
only plotted when the voxels demonstrated a significant BOLD-like response during both 
polar angle mapping and eccentricity mapping, and before and after training. This was to 
ascertain that the amplitude, lag, and dispersion of the voxel could always be adequately 
determined for both sessions. It is possible that this restriction neglects training induced 
changes in voxels that are significantly BOLD-like in only one of the sessions. When this was 
the case (i.e. the amplitude of the responses differed significantly between sessions, and was 
significantly BOLD-like in only one of the session), the receptive field location corresponding 
the significant response were plotted in a separate figure (figure 6.6). Note that for patient
1, 3, 5, 6, and 7 the location of early visual cortex within the damaged hemisphere was 
defined based on the symmetry assumption with the contralateral hemisphere. For these 
patients, the localization of unclassified voxels is thus based on an estimation. When there 
was a significant difference between sessions in amplitude, lag, or dispersion, during either 
polar angle mapping or eccentricity mapping, this is indicated in the plots of figure 6.5 
(p<0.05; Bonferroni corrected). When there was no significant difference in lag during polar 
angle or eccentricity mapping, the mean lag over the two sessions were used for plotting. 
Visual field locations of voxels separated for V1, V2, and V3, are shown in figure 6.6).
Changes in receptive field locations
Visual inspection of the results revealed that most voxels did not show a significant 
difference in receptive field location between sessions, indicating no evidence for large scale 
reorganization of early visual field maps by training (mean percentage of voxels per subject 
without a difference=96.7%; SD=2.2%). However, in most voxels that did show a change, the 
receptive field was shifted towards a higher eccentricity (mean percentage of voxels that 
showed a significant shift towards the eccentricity=87.6%; SD=17.4%). The mean shift 
towards higher eccentricity in all voxels was, although very moderate, significant over 
subjects, (paired t(7)=4.09; p=0.005; median change=0.13°) (Figure 6.7A). In addition, this
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mean shift was much larger in the affected hemisphere than in the non-affected hemisphere 
in all three subjects (patient 2, 4, and 8) with bilateral visual activation (mean shift in the 
affected hemisphere=.35°; SD=0.06°; mean shift in the intact hemisphere=0.10°; SD=0.07°; 
paired t(2)=12.9; p=0.006).
A: Mean Eccentricity B: Mean Amplitude C: Mean Dispersion
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Figure 6.7: For all subjects the mean change over all voxels in visual field maps considering; A: Eccentricity of 
receptive field locations; B: Amplitude of BOLD responses; C: Dispersion of BOLD responses. The used stimuli did 
not allow for estimation of absolute receptive field sizes, and are therefore expressed in arbitrary units.
Changes in amplitudes and dispersion
There also was a number of voxels that showed a change in amplitude of the BOLD response 
with training, either during polar angle mapping, eccentricity mapping, or both (mean 
percentage of voxels per subject with a difference in BOLD amplitude=11.7%; SD=10.0%). 
Most of these voxels showed a decrease in activation (mean percentage of voxels with a 
reduction=81.0%; SD=15.5%). The mean reduction over all voxels was not significant (paired 
t(7)=-2.13; p=0.071; median change=-.37%). In addition, there was a small proportion of 
voxels with a difference in dispersion between sessions. These differences in dispersion were 
only observed during eccentricity mapping (mean percentage of voxels per subject with a 
difference in BOLD dispersion=1.2%; SD=10.0%). Note that the cycle-duration was much 
shorter during polar angle mapping, which may have caused insensitivity for detecting 
changes in receptive field size through dispersion during polar angle mapping. Most of the 
voxels showed an increase in dispersion (mean percentage of voxels with an increase=93.1%; 
SD=11.1%). The mean increase of all voxels was significant (paired t(7)=2.54; p=0.04; median 
change=392.3) (Figure 6.7C). This effect was also larger in the affected hemisphere of all 
three patients with bilateral visual activation (mean increase in the affected hemisphere= 
2.0; SD=0.3; mean shift in the intact hemisphere=0.1; SD=1.0; paired t(2)=4.54; p=0.045). 
There was no significant correlation between changes in dispersion and amplitudes of the 
BOLD response (r=0.483; p=0.225). Changes in dispersion or amplitudes of the BOLD 
response did not correlate with the shift towards a higher eccentricity (correlations were 
0.063 and -0.056 respectively; both n.s.).
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Comparing fMRI retinotopic maps and perimetry visual field maps
To assess the possibility for the presence of residual capacity, meaning that the regained 
field was represented before (and after) training, we compared the fMRI to the perimetry 
results. To estimate whether differences in the density of voxels between the intact, 
regained, and non-regained visual field were significant, we performed three binomial tests 
for each subject. As differences between sessions in receptive field locations of voxels were 
very small (Figure 6.5), we used the mean location of both sessions as this provided a more 
reliable estimate. These tests compared the density in respectively; 1: the intact and 
regained visual field; 2: the intact and non-regained visual field; 3: the regained and non­
regained visual field. Note that for estimation of the probability of a success of a single event 
(a voxel is located within a particular portion of the visual field), we used the percentage of 
polar angle / eccentricity combinations (20 polar angle steps x 20 eccentricity steps) that 
were located within a particular portion of the visual field. There was a clear difference 
between the intact and the regained field in nearly all subjects (Table 6.3). The number of 
voxels representing the regained visual field was thus very low compared to the intact visual 
field. Note that in subjects where the difference was least significant, the size of the 
recovered visual field (in the scanner) tended to be smaller (Spearman's rho=0.62; p=0.051 
one sided). As in most patients the visual field recovery extended beyond the size of the 
visual field that we could measure from within the MRI scanner, we could not make reliable 
comparisons with the non-regained visual field.
Intact Intact Regained
Subject Vs. Vs. Vs.
Regained U nregained U nregained
Patient 1 0.000 0.000 0.306
Patient 2 0.362 - -
Patient 3 0.002 0.000 1.000
Patient 4 0.002 - -
Patient 5 0.000 0.662 0.861
Patient 6 0.000 - -
Patient 7 0.002 0.000 0.013
Patient 8 0.725 - -
Table 6.3: P values corresponding to the binomial tests that contrasted the number of voxels representing the 
different portions of the visual field. P values thus represent the significance of differences in the density of 
voxels representing the intact, regained, and non-regained visual field.
Second responses during cycles
We compared the mean amplitudes of the second fitted response between sessions for 
polar angle mapping and eccentricity mapping. A second response during a cycle of a 
mapping stimulus indicates the presence of a second receptive field within a voxel as would 
be predicted on the basis of previous research (Henriksson, 2007). There was a small and 
non-significant reduction in the amplitude of BOLD responses during both polar angle 
mapping and eccentricity mapping after training (for eccentricity mapping: mean amplitude
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before=1.66; mean amplitude after=1.51; t(7)=-1.51;p=0.18; for polar angle mapping; mean 
amplitude before=.61; mean amplitude after=.57; t(7)=.90; p=0.397). Note that the duration 
of a stimulus cycle during polar angle mapping was most likely too short for detecting 
secondary responses, which is reflected by the lower amplitude estimates of the second 
response.
Discussion
We measured properties of early visual cortex before and after vision restoration training in 
8 subjects with post chiasmatic lesions to the visual system. Training induced a significant 
visual field recovery as measured with perimetry. Our fMRI results showed that although 
most voxels had no difference in receptive field location between sessions, there was a 
number of voxels that had shifted their receptive field to a higher eccentricity relative to the 
fovea after training. In addition, BOLD responses were on average more dispersed after 
training, suggesting some growth of receptive field size as a result of training. However, we 
found no evidence for extensive representation of the regained visual field before or after 
training.
The changes in receptive field properties could account for small increases in visual field size 
as a result of training. The outward shift of receptive fields along the eccentricity axis that 
we observed suggests that patients learn during training to 'zoom out' portions of their 
cortical representation. This effect was larger in the damaged than in the intact hemisphere 
in patients that still had bilateral visual activation. Although the average shift in receptive 
field locations was very moderate, BOLD responses in individual voxels could show changes 
in lag that accounted for more than one degree in the visual field. Importantly, this would be 
an effective method for VFE in the affected hemifield only in case of incomplete destruction 
of the primary visual cortex. This is supported by the notion that training is more beneficial 
in cases where there is functional tissue remaining in the affected hemisphere (Kasten 
1998a; Zihl 1979, 1985). Increases in receptive field size could further contribute to visual 
field recovery. This effect was also larger in the damaged than in the intact hemisphere. It 
has been suggested that training effects are induced by neural mechanisms for spatial 
attention (Chokron, 2008), which is backed up by fMRI data showing that training increases 
activity in brain areas that are associated with shifts in spatial attention (Marshall, 2008). It 
has also been suggested that these mechanisms of attention can cause structural changes 
with vision restoration therapy (Poggel, 2004). Studies in non-human primates have shown 
that attention can induce changes in the input that is driving V1 neurons. Attention in the 
periphery increases the summation area of individual neurons, probably through horizontal 
or feedback connections, thereby effectively increasing receptive field sizes (Roberts, 2007). 
Note that the significant changes that we observed in individual subjects could theoretically 
be part of normal random fluctuations over time. There is however no reason to assume that 
such fluctuations would show a consistent pattern across subjects as we observed in this
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experiment. In addition, as patients demonstrated a stable visual field defect before training, 
it unlikely that these fluctuations are a part of natural recovery.
We found no evidence for extensive representation of the impaired visual field at the level 
of the early visual cortex. It has been suggested that training exploits remaining functions of 
early visual cortex that somehow do not contribute to conscious vision (Ho, 2009). Such a 
mechanism predicts the presence of neuronal representation of the impaired parts of the 
visual field already before training. However, it has been shown in patients with cerebral 
blindness that the visual fields as measured with fMRI and those that are measured with 
subjective perimetry show substantial overlap (Furuta, 2009). This limits the possible 
contribution of residual capacity for vision restoration. Our fMRI results also showed a high 
overlap with perimetry data before training, except in some patients where the regained 
area that was mapped was small. However, it is likely that there are some irregularities in 
determining the receptive field locations of voxels, e.g. the mapping stimuli that we used 
were both moving in a single direction (contracting rings and a clockwise rotation wedge) so 
that intervoxel differences in hemodynamic properties could cause some divergences. This 
can result in coupling voxels to visual field map locations that are blind according to 
perimetry, while in fact they are corresponding to the non-blind locations at the visual field 
border. Although this does not affect the estimation of the relative changes in receptive field 
locations between sessions, it can induce noise in coupling the fMRI to the perimetry results. 
This noise will have a relatively stronger effect when making comparisons with small 
portions of the visual field.
We also found no evidence for the emergence of a second representation in the intact 
hemisphere after training. Henriksson et al reported that after training, stimulation of both 
the impaired and the normal hemifield resulted in brain activation in the intact hemisphere 
in a patient with homonymous hemianopia as measured with both fMRI and 
magnetoencephalography (Henriksson, 2007). This would imply that neurons gained a 
second receptive field, or that a subpopulation of neurons within a voxel shifted their 
receptive field to the ipsilateral hemifield. Our study did not confirm their finding, as the 
amount of variance that could be explained by a secondary response did not increase 
between sessions. It should however be taken into account that the stimuli in our 
experiment were not dedicated to detect the presence of dual representations within single 
voxels, which may have hampered our ability to measure the type of training effect that was 
observed by Henriksson et al. (Henriksson, 2007). A secondary representation would for 
example be difficult to detect with normal retinotopic mapping when it is diffusely 
organized. Other mapping techniques that are now available may be better suited for 
addressing this issue more directly (Dumoulin, 2008). Alternatively, the formation of a 
second receptive field may only occur after prolonged training (i.e. over 200 hours in 2 years 
as in Henriksson et al. (Henriksson, 2007), but this would also imply that the neural substrate 
of the field recovery would change over time.
As a whole, we found no evidence for any neural mechanism that can account for the large 
increases in visual field size that are observed in some patients with complete hemianopias
118
(Mueller, 2007). Considering the cortical magnification factor, representation of the restored 
visual field in early visual cortex would request large scale neuronal reorganization. The two 
patients in our study that demonstrated such an increase in visual field size had no signs of 
neuronal representation of the damaged visual field before or after training. As these 
increases in visual field size were measured with extensive eye movement control, we 
believe it is highly unlikely that the findings in these two subjects are confounded (Bergsma, 
2010). This suggests that training somehow helps these patients to use visual information 
that enters the brain through alternative neuronal pathways. For example, it has been 
shown that MT still produces visually evoked responses after removal of V1 (Rodman, 1989) 
which could be related to connectivity between the lateral geniculate nucleus (LGN) and MT 
(Sincich, 2004). There is also recent evidence obtained with diffusion tensor imaging that the 
connectivity between the LGN and MT changes after destruction of the primary visual cortex 
(Bridge, 2008). Also connections between the retina and the superior colliculus could play a 
role (Cowey, 1991). Such alternative connectivity could explain that training locations deep 
within the absolute blind field can still have beneficial effects for hemianopic patients 
(Jobke, 2009). It is however unclear whether visual representation that is established 
through alternative routes, without parallel representation in the primary visual cortices, 
results in vision that is qualitatively comparable to normal vision. These alternative routes 
lack most of the common mechanisms for feature detection that are present in early visual 
cortices. Imaging data even suggests that they might not even induce conscious visual 
experiences (Goebel, 2001). They could on the other hand be important for guiding 
behavioural compensation, such as making eye or head movement towards visual events, or 
evading objects during locomotion.
In this study we continuously measured eye movements during perimetry, and carefully 
monitored eye movements during the training sessions, but did not record eye movements 
during the functional mapping experiments in the scanner. We did not use an attentional 
task at central fixation since that could interfere with the training effects, because the 
training effects may be the result of changes in attentional control by the patients. It is 
however highly unlikely that our results in the scanner are caused by stable eccentric 
fixation, or unstable fixation. In case of stable eccentric fixation, a shift of receptive field 
locations in one hemifield would be accompanied with a shift in the same direction in the 
other hemifield. E.g. if patients would have shifted their gaze towards the lesion, than the 
receptive field locations of voxels would have shifted towards the opposite direction across 
the entire visual field. The outward shift in receptive field locations that we observed 
produced opposite shifts in the two hemifields. The influence of fixation instability on 
responses during retinotopic mapping is however more complex and less predictable. In any 
event, it would disturb the regular cyclic responses during mapping stimuli, thereby 
producing on average lower and more dispersed BOLD responses. Although we observed 
reduced amplitudes and increased dispersion of BOLD responses after training in some 
patients, these reductions did not correlate with the shift of receptive field locations towards 
the eccentricity. We therefore believe it is unlikely that the shift in receptive field locations 
can be explained by more random eye movements after training. Furthermore, the observed
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(non-significant) correlation between changes in response amplitude and dispersion was 
positive, and thus the reverse of what would be expected when both are caused by fixation 
instability. The pattern of results as a whole does not suggest that eye movement play a role 
in the current findings. It should also be taken into account that reductions in amplitudes of 
BOLD responses are not necessarily caused by eye movements. E.g. lower BOLD responses 
have been linked to decreases in effort as a result of learning as well (Jansma, 2001). On the 
other hand, signal reductions during retesting have also been observed with fMRI without 
extensive training between sessions (Clement, 2009; Raemaekers, 2007; Zandbelt, 2008). 
These reductions may be related to the novelty of the mapping stimuli or the scanner 
environment when subjects are in the MRI scanner for the first session. Our study did not 
include a control group and to our knowledge no studies have addressed the test-retest 
reliability of BOLD responses during retinotopic mapping, so no definite conclusions can be 
drawn regarding this matter.
In conclusion, we have found changes in receptive field locations and sizes that could return 
vision to a small portion of the visual field in patients with cerebral blindness. Although large 
increases in visual field were observed in some patients, we did not observe changes in early 
visual cortex that could account for them.
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Chapter 7
General Discussion
\
In this thesis the effect of visual restorative function training (RFT) in patients with 
hemianopia is investigated. To that end I studied the relationship between 
psychophysiological changes (perimetry) and changes in visual perception (colour- and shape 
perception), visually guided behaviour (reading, driving) and neuro-imaging measures (BOLD 
activity in the brain),
My motivation to study this relationship arises, on the one hand, from the RFT's strong 
potential as a rehabilitation tool if it truly induces what it is designed to induce (visual field 
enlargement; VFE) while, on the other hand, the wider effects of RFT on visual performance 
are not precisely known. My interest in the training method originated in 1994 after I had 
been introduced to the work of Zihl and it was strengthened when -at a later moment- I 
visited prof. Zihl himself in Munich.
The history of visual field restoration studies shows an oscillation movement from 
enthusiasm via scepticism to reappraisal. It started with the studies of Zihl & Von Cramon, 
who reported significant shrinkage of the VFDs after training (Zihl, 1979, 1981, 1985). 
Training consisted of repetitive stimulus detection threshold measurements and the 
observed changes occurred during training sessions, but not between sessions, indicating 
that training caused the change in the VFD. Due to these studies, the training method 
received a great deal of attention from, mainly, German researchers (e.g. Kasten, Sabel, 
Pothoff, Poggel, Wüst, Mueller Werth & Moehrenschlager, Pommerenke & Markowitsch) 
and myself. This resulted in several studies that confirmed results of Zihl & von Cramon. The 
most important were: VFD shrinkage is training-induced; VFD shrinkage is of a cerebral 
origin; VFD shrinkage is not caused by increasingly larger eye movements towards the 
presented test stimulus; VFD shrinkage is independent of the age of the patient and the 'age' 
of the lesion; great differences exist between patients (lesions and/or VFDs can either be 
small or large and the amount of recovery can vary accordingly).
These aforementioned enthusiasm and observed study results ultimately led to the 
development of a computerized version of the training in the second half of the 1990's by 
"the Magdeburg group" (Kasten, Sabel and co-workers). The training could now be carried 
out by patients themselves at home. This development had two major consequences: first, it 
became possible to train many patients at the same time. Second, it became a commercial 
product. Although the first consequence is good for scientific research, the second only 
seems good for business. This resulted in major scepticism in scientific circles taking a more 
cautious stand, because it was not completely certain what effect the training exerts, and if 
so, how it exerts its effect. Several critical papers were published which reached its climax in 
2005, when a co-study of the Magdeburg group and the Tübingen group (which hosted the 
critical scientists) showed that VFE could not be confirmed by a method that was -at the 
time- considered a golden standard.
However, the Magdeburg group presented a compelling argument that VFE is perhaps not 
always the same as regaining normal vision in the enlarged area, whereas the golden 
standard method appeared sensitive for normal vision only. In other words, the golden
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standard method was insensitive for improvements of relative field defects and could only 
detect improvements that led tot normal functioning visual fields. This led to a slow 
reappraisal of training-induced visual field restoration since 2006. Studies were published 
that revaluated the training by developing new training paradigms or assessing the actual 
benefits of the training (e.g. Das, Huxlin, Jobke, Kasten, Sabel, Bunzenthal, Mueller, Poggel, 
Sahraie). Also, some attempts have been made to look for structural changes in the brain 
(Marshall, Henriksson, Raninen, Hyvarinen, Julkunen). Research of neurorestoration after 
stroke was strongly recommended in 2009 (Kalra, 2009) and hemianopia was highlighted as 
an example of 'neglected impairments'. My studies are aimed at contributing to this 
revaluation of training-induced visual field restoration. They are focussed on the questions
(1) which perceptional and behavioural benefits could be expected after training,
(2) which patients with cerebral blindness would benefit and which patients would not
(3) whether RFT truly induced structural changes in the brain (and if so, what these
changes are)
These questions are relevant, because their answers will help to raise RFT from an 
interesting protocol to an evidence based medical technique. This reduces the risk that 
despite laborious and intensive training patients will gain less than expected. Also, studying 
brain activity in visual cortices before and after training can shed some light on possible 
mechanisms of recovery from visual field defects, thereby providing for an explanation of 
the observed training effect.
Description of findings
In a pilot-study (vd Wildt & Bergsma 1998, case-study) it was established that RFT could lead 
to VFE, while central fixation was controlled for with the highly accurate and precise 
Robinson coil method (Robinson, 1963; Collewijn 1975). In the first study described in this 
thesis, the quality of such VFEs, or of the regained visual fields, was studied in 3 patients 
with cortical blindness. CHAPTER 2 describes this study. The 3 patients all showed VFE after 
training. Because the lesions in all 3 patients were older than 2 years, spontaneous recovery 
could not explain the observed enlargement. In the regained visual field (the enlargement 
itself), other elementary visual functions than detection of white light spots as used during 
training were tested. We investigated colour recognition, peripheral acuity (as a measure of 
spatial properties) and critical flicker fusion (as a measure of temporal properties). We 
observed that these untrained visual measures approached normal values, as assessed in the 
patient's own ipsilesional field (acuity, colour and CFF) and in the visual fields of 6 healthy 
controls (acuity and CFF). Although in the patients' cases an asymmetry in measured values 
between the two hemifields remained after training, the recovery of the untrained visual 
functions could be sufficient to support general visual behaviour. The regained visual field
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that emerges after RFT enables processing other visual stimuli than those used during 
training.
Both the study described in chapter 2 and the 1998 pilot-study confirmed the findings of 
earlier studies (e.g. Zihl, 1979, 1985; Kasten 1995, 1998b; Sabel 2000; Julkunen, 2003; 
Mueller 2007; Romano 2008): the visual field can be enlarged by RFT. Surprisingly, these 
studies all reported visual field size before and after training, but never described what 
happens with the visual field during training. This invited our study of the development of 
training-induced VFE. CHAPTER 3 describes how RFT gradually enlarges the visual field. 
Many ophthalmologists and neurologists are concerned that a shifting eye gaze during 
perimetry sessions or a developing pseudo-fovea during training may contaminate the 
estimate of the magnitude of the VFEs (see §1.4.1. "eye positions during perimetry", p. 24). 
In this chapter, a new paradigm in manual perimetry was introduced: during perimetry, gaze 
direction (or eye position relative to the fixation point) was recorded continuously using a 
video-based eye tracker. Afterwards, perimetry measurements were classified as being 
measurements with adequate fixation or measurements with inadequate fixation. Only the 
measurements with adequate fixation were subsequently used to determine the size of the 
visual field. Adequate fixation deviated less than 2° from the fixation point. Most patients 
were able to restrict eye movements to this threshold when a stimulus was expected. A 
more conservative criterion would have led to a shortage of valid measurements.
Blind spot mapping (determining its location) was applied at the start of all (continuous) 
gaze direction recordings and the blind spot was probed in regular intervals during perimetry 
to monitor central fixation. A progressive shift of gaze direction would show as a 
corresponding progressive shift of the blind spot. This shift was never observed, so that a 
developing pseudo-fovea was also ruled out.
In the trained area, detection thresholds decrease slowly over the course of training and 
progressively deeper into the visual field defect. It appeared that these thresholds only 
decrease when adjacent thresholds, located more closely to the original visual field defect 
border, have started their decrease. However, before this experiment, the training stimuli 
were always presented in the same gradual manner, i.e. shifting deeper into the defective 
area as training advanced. To study whether the observed gradual border shift could have 
been the result of the presentation of a gradually shifting stimulus-set, patients were 
presented a stimulus set on locations that remained unchanged during all training sessions 
in this experiment. We found that the gradual enlargement of the visual field still occurred. 
This shows that the border shifts gradually during training, both when the (shifting) border 
area alone is stimulated and when a visual field area far beyond that border is stimulated. It 
suggests that the stimulation at the border itself induces changes in the visual field. I 
speculate that visual stimulation at the border zone (training) leads to increased sensitivity 
of spared, but previously 'silent' neurones, which may lead to conscious vision if the 
increased sensitivity reaches a critical level and, that attention effects on neuronal 
excitability are responsible for the increased sensitivity. Presumably, to direct visual 
attention, a minimum level of visual information must be processed at the attended 
location. This is the case at the visual field border between the blind field and the responsive
124
field. Because directing attention leads to increased connectivity (Büchel, 1997), it also leads 
to increased neuronal activity which in turn can reactivate connecting neurones that 
represent a more peripheral part of the visual field. This may then lead to increased 
sensitivity of the latter neurones, leading to conscious perception of stimuli in that part of 
the visual field, which leads to an enlarged field during perimetry. This hypothesis potentially 
also explains why some patients show no training effect: if there is no minimum level of 
perception (no spared neurones), there is also nothing to direct attention to, besides the 
healthy fields. Hence, these blind fields can not be trained.
Whereas chapter 2 describes a transfer effect of RFT to perception of other stimuli than the 
one used for training, chapter 3 describes a transfer effect to a less elementary function: out 
of 5 patients with VFE, 4 showed a significantly improved reading performance (increased 
reading speed and improved text comprehension as suggested by the reduced number of 
regressions or 'back-jumps'). This confirms the finding of chapter 2: training with elementary 
stimuli leads to regained areas that can actually be used for shape (or letter) perception.
Shape perception, colour perception and reading speed were studied before and after 
training in the next experiment, to confirm that training actually improves perception. 
CHAPTER 4 describes the results of this experiment. Of 12 patients (spontaneous recovery 
ruled out in 9 patients and unlikely for 3 patients), 9 showed VFE, of whom 7 showed a 
significant increase in reading speed. In a subgroup of 7 patients, 6 showed VFE of whom 3 
patients showed a significant increase in the proportion correctly discriminated colour- and 
shape stimuli. Apparently, VFE itself does not automatically lead to (significant) behavioural 
change. When does a VFE lead to change? VFE is usually expressed as an Average Border 
Shift (ABS) in degrees, which does not take the eccentricity or location of the VFE into 
account. However, it is intuitively clear that a VFE of 5° will have much more impact near the 
fovea than the same VFE in the periphery. To be able to compare different VFEs at different 
eccentricities, VFE was converted into the Estimated amount of Cortical Surface Gain in mm 
(ECSG) that is involved in the VFE, using the Cortical Magnification Factor (CMF; Cowey, 
1974). Expressing VFE in ECSG takes the different eccentricities of the VFEs into account so 
that direct comparisons can be made. The next step was to establish a threshold ECSG 
beyond which significant performance improvement may be expected. VFEs were therefore 
classified in either of two categories: VFEs that resulted in significant perceptual or 
behavioural change and VFEs that did not do so. Based on performance data of 12 patients, 
the threshold VFE beyond which significant performance improvement was observed, was 
found to correspond to an ECSG of 6 mm.
The correlations between ABS and performance measures proved to be lower than the 
correlations between ECSG and performance measures, suggesting that the latter -and not 
ABS- is the better description of VFE and the appropriate correlate of performance 
improvement.
Dissociation between dynamic perimetry and the recognition of colours and shapes was 
found: most patients correctly identified some stimuli just beyond the visual field border. 
Dynamic perimetry can yield conservative results within relative field defects, in which visual
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perception is reduced to partial, distorted or otherwise degraded perception. As a 
consequence, reaction times are more or less increased. Because the stimulus is being 
moved from the periphery towards the fixation point during dynamic perimetry, the 
increased reaction time will lead to inward (central) displacement of the stimulus detection 
location, in contrast to the static colour and shape presentation. This may lead to a positive 
response to static stimuli located just beyond the field border. In 7 patients, Octopus static 
automated perimetry was added to the usually applied (dynamic manual) Goldmann 
perimetry. Octopus and Goldman perimetry data of these 7 patients showed similar 
dissociation: in some areas Goldmann yielded a larger field, whereas Octopus yielded a 
larger field in another area. We indeed found that the dissociations with colour and shape 
recognition occurred at the areas where Octopus perimetry showed a larger field than 
Goldmann perimetry.
Near the unaffected field, both pre- and post-training colour- and shape scores are higher 
than near the absolute defect, which indicates that locations near the unaffected field 
improve before locations near the absolute defect. This confirms the results from an earlier 
study: VFE develops gradually during training (Bergsma 2010).
Detection thresholds decreased quickly within 3-6 training sessions and many reached a 
normal or near-normal level (Bergsma 2010; this dissertation: chapter 3). This supports the 
idea that an original function is re-accessed, instead of a new function being trained and 
learned. If this is true, it may be expected that other original functions of the visual system 
that are inaccessible because of the VFD, may also be re-accessed as the VFD subsides. This 
means that original capacities of the visual system that were absent in the VFD, will return in 
the regained visual field areas. In this study, we indeed found improvement of non-trained 
cortical functions (colour and shape perception and reading) after training. This points to a 
transfer effect of the training results to higher cognitive functions, supporting the findings of 
other investigators such as Zihl and Von Cramon, who observed that training lowers 
detection thresholds which led to improved colour perception (Zihl, 1979) and who reported 
increased reading speed after training (Zihl, 1985). Also, Kasten et al. (2000) showed that 
computer-based training induced a visual field size increase and an improvement of colour 
and shape perception (Kasten 2000). Kasten suggested that actual restitution of cortical 
functions had taken place, partially resolving a "bottleneck" in the retino-geniculo-cortical 
pathway. This supports the suggestion that the 'original' function returns as a result of 
training.
Many studies have explored the human potential for visual field recovery by visual training. 
Broadly, two strategies have been studied. One strategy is RFT, described in this thesis, 
which aims at restoration of the VFD. The second strategy is CST (compensatory saccade 
training) which aims to exploit subjects' voluntary control of eye movements to raise the 
frequency of exploratory saccades towards their defective field. In chronic CVA patients, VFE 
is expected following RFT (described in previous chapters). CST enlarges the 'scan range' of a 
patient by instruction to make eye movements towards the affected hemifield. Interestingly, 
both variants increased scanning in the affected visual field and unchanged eye movement
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patterns have been described following RFT, i.e. a correlation between VFE and increased 
number of eye movements was not found. Given these conflicting outcomes on altered 
oculomotor behaviour after RFT, a study was performed in which was tested whether VFE 
results in a change in eye movement patterns. Some patients regain permission to drive a 
car after RFT, but that is not a consequence of massive field restoration, which is rarely 
observed. It must therefore be a result of effective saccadic compensation. Because driving 
abilities of hemianopia patients is an important topic and because saccadic compensation is 
a likely candidate to account for that, we compared the pre- and post-training oculomotor 
behaviour of hemianopia patients while driving in a driving simulator. This experiment is 
described in CHAPTER 5. Visual fields were measured before and after RFT in 8 hemianopia 
patients. After training, 6 patients showed VFE. As in the experiment described in chapter 4, 
VFE was converted into the cortical measure ECSG. Next, VFEs were classified in either of 
two categories: VFEs of patients with significant behavioural change and VFEs of patients 
without significant behavioural change. The results showed that the 2 patients with the 
largest VFEs showed significantly changed oculomotor behaviour (significantly more eye 
movements in the direction of the VFD). Based on the VFEs of these 6 patients, the threshold 
ECSG beyond which significant performance improvement was observed appeared to be 
about 10 mm.
To make an inference about the relationship between VFE and oculomotor behaviour, we 
calculated the probability that a subject from the experimental group shows a change in 
saccade pattern and field enlargement by sheer coincidence. The null hypothesis that 
hemianopia patients with supra threshold VFE make more horizontal eye movements by 
sheer coincidence was close to rejection at the 5% level. However, eye movement data from 
3 patients were unfortunately not available for analysis, so that the patient sample size was 
reduced to 6. This strongly reduced the statistical power of the test. The same applied to the 
relationship between driving simulator parameters and VFE and to the relationship between 
these parameters and oculomotor behaviour. However, some noteworthy trends in the 
individual performance were observed: three patients without VFE showed increases in one 
or two of the STISIM parameters post training, indicating worse performance. In contrast, 
the remaining three patients with VFE only showed equal or improved performance after 
training according to the STISIM parameters.
It is concluded that RFT may result in an untrained side-effect, next to VFE: increased 
frequency of saccades to the defective hemifield. This observation suggests that the VFE may 
have enabled these patients to attend and direct gaze to the recovered visual field.
The threshold VFE was close to 6 mm cortex according to chapter 4. However, from the 
results described in chapter 5 it is concluded that this threshold amounts to 10 mm cortex. 
This difference may be related to the different approach in calculating ECSG: in the car 
driving experiment (chapter 5) all but one patient were hemianopes, which means that the 
central horizontal border shift was more or less representative for the whole horizontal 
border shift. We therefore only converted the central shift into a cortical measure, not 
including more peripherally located VFE. In the colour/shape perception experiment
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(chapter 4), VFDs concerned hemianopia, quadrantanopia, paracentral scotoma and 
irregular shaped incomplete hemianopia. In these cases, central border shifts were no longer 
representative for the rest of the border, so that we computed the border shift for radial 
sectors and averaged the shift across the complete trained visual field. This conversion into a 
cortical measure resulted in lower threshold VFE, indicating that the threshold is possibly 
overestimated when only the central VFE is considered. Therefore, the conversion must be 
done again for the car driving patients, now concerning the border shift in the whole trained 
area.
Following the sector wise conversion, the VFE values of the 6 subjects in the car driving 
experiment of which eye movement data were available are given in table 7.1. The threshold 
VFE lies between 4 and 7 mm, which compares well to the calculation in chapter 4 (threshold 
VFE is about 6 mm).
Significantly improved 
performance
Not significantly improved 
performance
10.2 (P3) 4.2 (P1)
6.7 (P4) 4.2 (P6)
1.9 (P2)
1.6 (P5)
0.1 (P7)
Table 7.1 ECSG data of patients with significant oculomotor behaviour improvement (1st column) and without 
significant oculomotor behaviour improvement (2nd column). The threshold value, beyond which significant 
improvement may be expected lies somewhere between 4 and 7 mm.
In retrospect, it also seems appropriate to include more peripherally located parts of the 
VFE, because the used tests (colour- and shape discrimination, reading, driving) all included 
visual stimuli that are presented in peripheral visual field areas. This supports the use of a 
sector wise conversion, instead of converting the central shift only. When all experimental 
data (colour-and shape perception; reading; driving) are considered, the threshold VFE lies 
at about 6 mm.
Having established that VFE occurs in the absence of contaminating eye movements, that it 
'grows' gradually and that this can lead to significant changes in perception and visually 
guided behaviour, it may be concluded that these changes are no "tricks up the patient's 
sleeve" and that VFE reflects some form of cortical reorganisation.
To investigate this conclusion, we used functional Magnetic Resonance Imaging (fMRI) to 
study possible structural changes in the brain, which is described in CHAPTER 6. Because of 
the large involvement of brain tissue in the visual system, there are several brain regions 
that could be studied, ranging from low-level perceptional areas to high-level attentional 
areas. According to Zihl & von Cramon, VFE depends on the primary visual cortex (area V1).
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The primary visual cortex (V1) is supposedly very much hard-wired, so that reorganisation is 
not expected on a large scale. Indeed, the VFE is often manifested as a part of the visual field 
that is capable of 'signalling', rather than 'seeing', which resembles (conscious) blindsight 
and which could indicate that the training effect may be found in higher cortical areas. 
Nevertheless, a first attempt to study possible reorganisation as a result of RFT was aimed at 
areas that possess a topological representation of the visual field: areas V1, V2 and V3. We 
did this because activations in these striate and extrastriate cortices can be used as a way to 
perform objective perimetry. A difference between fMRI (objective measurement) and 
Goldmann perimetry (subjective measurement) could point to a part of the visual field that 
is blind to the patient (subjective), but not to his/her brain (objective). This could possibly 
indicate a processing capacity, that is not used for conscious perception and that may be 
sensitive to RFT. However, the results of this experiment showed that in V1, V2 and V3, the 
retinotopic maps very much resembled the pre-training fields, indicating that such 
processing capacity should not be sought in the primary visual cortices. The results did point 
to a small shift of receptive field locations towards a higher eccentricity after training in 
addition to increases in receptive field sizes. This can be interpreted as if patients are 
'zooming out', which is not unlikely when one realises that the reverse is also possible: when 
attention is directed to the central field, one is essentially 'zooming in'. Therefore, when 
attention is directed towards the peripheral visual field, one is 'zooming out'. These effects 
were stronger in the affected hemisphere than in the intact hemisphere. Changes in 
receptive field size and location could account for limited visual field growth of 
approximately 1°. It could, however, not account for the large increases in visual field size 
that were observed in some patients. fMRI experiments aimed at identifying cortical areas 
that contribute to the training effect should therefore be focused on the activations in 
higher visual cortical areas before and after training.
Finally, a remark must be made about the relation between the use of the ECSG thresholds 
(Chapters 4 and 5) and the lack of proof in assigning the full VFE to structural changes in the 
early cortices (Chapter 6). After all, ECSG is based on the representation of the field in those 
early cortices, i.e. V1. It must be realised, that the ECSG threshold does not imply that the 
amount of cortical surface has become active by training after being 'dormant' before 
training. ECSG describes how much striate cortex is involved in the VFE, without implying 
what happens in V1. It is a measure of VFE in which the location, or eccentricity, where VFE 
takes place is negotiated. As can be intuitively understood, a border shift of a few degrees in 
the central visual field is much more noticeable for the patient than the same shift in the 
peripheral visual field. So, expressing VFE as a border shift in degrees or even as a surface in 
degrees squared cannot account for eccentricity and is therefore meaningless. The Cortical 
Magnification Factor (CMF) describes how with increasing eccentricity, less cortex is devoted 
to the same amount of visual field. ECSG is based on the CMF and therefore expressing VFE 
in this measure does take VFE eccentricity into account. A threshold of 6 mm cortex implies 
that about 2 degrees of VFE is enough for significant behavioural change if it is achieved 
centrally. More peripherally, VFE must be much larger to comply with 6 mm cortex.
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Limitations
The experiments described in this thesis produced some interesting findings. It must be 
remembered that the volunteers that participated in the experiments are chronic CVA 
patients with acquired brain damage. Besides the obvious consequences of the brain 
damage, there sometimes existed additional (obscure) deficits that possibly influenced 
activities of daily life and/or behaviour in general. Although patient inclusion was as much as 
possible aimed at including patients with VFDs only, this appeared to be a difficult task. For 
instance, one patient showed a substantial VFE but at the same time showed deterioration 
in reading speed, because distracting visual scintillation-like sensations emerged in the 
enlarged area after training that interfered with reading. Although such exceptions were 
occasionally encountered, the main message of this thesis is that RFT in general leads to VFE, 
but that only VFEs above a certain threshold are accompanied by perceptional and 
behavioural improvements. In general, the more peripheral the location of the VFE, the 
larger it must be to become a threshold VFE. Roughly one-third of the patients show above 
threshold improvements.
Because patients were trained individually at the institute by the investigator, experimental 
groups remained rather small. These small samples have reduced the power of the statistical 
tests that have been carried out. Also, there was large variation in the number of patients 
that apply for training in a given period of time, because of which some experiments had to 
be conducted with small patient numbers. For this reason, no patient control groups were 
used. Providing a patient with a placebo variant of the training was considered to be 
unethical, given the laborious nature of the training that should have been replicated in the 
control condition. Instead, visual fields at the time of intake were compared to visual fields 
at the time of the first training session (this interval varied from 1 to 3 months). In virtually 
all cases, visual fields at the two time points were unchanged, whereas most visual fields 
changed in size after training had commenced. It was therefore concluded that the observed 
changes in colour- and shape perception, reading speed and driving in a simulator that were 
observed after training, were actually induced by that training.
However, evidence-based research nowadays usually requests a double-blind placebo­
controlled designs. Although this constitutes the golden standard in pharmacological and 
animal studies, they are not easy to implement in neurorehabilitation. Especially when a 
treatment involves a time-consuming investment from the patient, a placebo-training may 
very well be unacceptable for ethical reasons. Also, since a patient may know what is being 
trained, it is questionable whether a placebo-training such as fixation training (Kasten et al, 
1998) truly acts as a placebo-training (Kerkhoff, 1999). An alternative to this method is to 
include control subjects that receive no treatment instead of a placebo-treatment. The 
control subjects are preferably patients but also healthy subjects are used as controls. Also, 
patients can be considered as control subjects after the period for spontaneous recovery has 
passed but before training is started. Control subjects should show no change in 
performance, because treatment or training is absent. Third, it is recommended to describe 
possible recovery in terms of effect measures that were not subject of training themselves. If
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the training effect is measured with methods (or stimuli) that were also used during training, 
transfer of training effects cannot be assessed. Transfer of training effects is an important 
condition for rehabilitation, because improvement of only the trained function implies that 
improvement of other (cognitive) functions must be reached by training them separately. 
The ultimate goal of rehabilitation from functional impairments is improvement in daily-life 
activities, so that rehabilitation outcome should preferably concern behavioural measures. 
So, in the case of RFT this not only includes functions such as recognition of colour and 
shapes, but also reading, driving and other daily-life activities.
Conclusions
In conclusion, RFT appears to induce real and significant improvements for at least a portion 
of the stroke patients with VFDs: RFT leads to visual field enlargement in approximately 75% 
of the patients. The perimetry paradigm that was applied in the above described studies 
enabled us to exclude the possibility that VFE was caused by contaminating eye movements. 
This is an important finding, because it has been suggested for a long time that eye 
movements were the only possible explanation for VFE. Also, RFT can result in a transfer 
effect to the perception of other test stimuli than the one used for training and VFE was 
observed in different visual field defects (homonymous hemianopia, incomplete hemianopia 
and incongruous hemianopia). In other words, RFT apparently truly causes changes in the 
visual field. Because it is not known precisely what is changed, brain imaging studies are 
needed. Our first attempt to study cortical changes after RFT using fMRI indeed yielded 
some significant changes in early visual cortices, although they could not completely account 
for the found VFEs.
VFE can be expressed in terms of an average border shift in degrees (ABS). It can also be 
converted into the amount of cortical tissue that is involved in the VFE (ECSG). It appears 
that ECSG shows higher correlations with the observed behavioural improvements than ABS. 
Therefore, ECSG is an appropriate correlate of significant behavioural improvements.
Hypothetical Considerations
How RFT leads to these improvements remains speculative at the moment. Kasten (2000) 
suggests that, as a result of training, actual restitution of cortical functions takes place, 
partially resolving a "bottleneck" in the retino-geniculo-cortical pathway. The bottleneck 
may be located in the optic tract, thalamus, optic radiation and occipital cortex: we found 
VFE in most patients with damage to optic radiation and occiptal cortex. On the other hand, 
it is also possible that the bottleneck is located in the reciprocal connections between 
primary visual cortex and higher cortical areas or between thalamus and higher cortical 
areas. Resolving this bottleneck could lead to enhanced 'blindsight' or even blindsight 
turning into conscious perception. Whatever the location, a resolving bottleneck indicates 
that a cortical information stream is reinstated and that an area that was cut off from 
information is now again provided with information. The observation of the quickly dropping 
detection thresholds (chapter 3) are consistent with this idea of reaching the 'original'
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function as a result of training.
It has been hypothesized that VFE is based on enlargement of single receptive fields within 
the trained area of the blind field (Kasten, 1999). However, this should lead to decreased 
acuity in that area because a larger receptive field contains more visual information that has 
to be processed by the same amount of tissue, resulting in a lower resolution (Womelsdorf, 
2006). As a result, reading (speed) should deteriorate (slow down). We instead found that 7 
out of 12 patients increased their reading speed (chapter 4, this thesis). Also, the fMRI 
experiment shows that, although receptive fields of some voxels in early visual cortices do 
increase, this is not enough to account for the observed border shift. It has also been argued 
that visual function returns after training because other brain areas take over (part of) the 
lost function (Henriksson, single-case study, 2007). However, in our fMRI study, we found no 
evidence of a second representation in the intact hemisphere after training.
An alternative explanation for the observed VFEs could be that during training, patients 
develop a skill that has an effect on visual perception processes. This skill is directing visual 
attention towards the relative defect field area of the transition zone, which improves 
stimulus detection by top-down signals which preactivate partially damaged areas with the 
effect of permanently increasing conscious visual perception (Poggel, 2004, 2006). Relative 
field defects are probably a result of reduced neuronal activity after a subtotal lesion (Sabel, 
2000). Stimulation (training) of the defect can lead to increased sensitivity or refinement of 
spared, but inactive neurones, so that less light energy is needed for detection and thus 
detection thresholds decrease. Before training, neuronal sensitivity may not reach the 
critical level that is needed to achieve conscious vision, thus constituting the forementioned 
"bottleneck". If training enhances neuronal sensitivity, this can lead to conscious detection 
of stimuli during perimetry, causing the visual field to recover. This increased neuronal 
activity may be due to training-induced attentional effects on neuronal excitability, as 
suggested by Zihl, who showed that directed attention modulates light-difference thresholds 
in the visual field (Zihl 1979) and Poggel et al. who described how directed visual attention 
decreases detection thresholds in the visual field area that is attended (Poggel 2006). Also, 
Büchel & Friston reported that directing attention to visual motion led to increased 
connectivity and thereby increased neuronal activity (Büchel 1997) and Marshall et al. 
observed that (restorative) training appears to induce an alteration in brain activity 
associated with a shift of attention from the nontrained seeing field to the trained 
borderzone (Marshall 2008). Apparently, RFT teaches subjects to successfully pay attention 
to visual input, which he/she was unaware of before that moment. The subject then 
becomes aware of this visual input, which points to the existence of spared neurones that 
can account for that visual input. This explains why some subjects show no recovery: a 
lesioned brain area contains many or few spared neurones. If the number of spared 
neurones is too small, directed attention will not increase neuronal activity beyond the 
critical level that is needed for conscious perception. When a transition zone is absent, the 
top-down mechanism of enhanced visual attention completely lacks partially damaged areas 
that it can reactivate and, consequently, no training effect is observed.
132
Future Research
With the experiments described in this thesis, we tried to establish the functional quality of 
the recovered visual fields after RFT. Of course, the results that we found can be 
denominated as 'laboratory-results': the used measures, that we report on, are abstract and 
sometimes far removed from activities of daily life. Our results may be usefully extended by 
application of techniques that were developed in rehabilitation research. Such techniques 
emply tools with which functional improvement after an intervention is evaluated. A suitable 
method is Goal Attaiment Scaling (GAS), introduced by Kiresuk & Sherman (Kiresuk, 1983). 
GAS is an evaluation tool to assess functional improvement after intervention. GAS, which is 
often used as evaluation tool in motor and cognitive rehabilitation, rates the extent to which 
individual goals are attained. These goals are set individually in cooperation with a 
rehabilitation therapist.
Another direction in which our study may be importantly extended is the application of both 
structural (Diffusion Weighted Imaging; Perfusion MRI) and functional imaging measures 
(fMRI) to evaluate the effect of RFT on the visual cortices. These observations possibly allow 
us to localize cortical reorganisation that accounts for the found training effects. This may 
contribute to our understanding of general principles of recovery from brain damage. Also, 
it may produce insights leading to the development of a brain-activity based predictor for 
positive training results.
Further, imaging studies probably have the potential to increase the yield of successfully 
trained patients by exploring the use of different training stimuli that target other visual 
functions than light detection, such as full-field stimulation or the use of dynamic stimuli) or 
paradigms (e.g. forced-choice paradigm).
Finally, it may tell us how functional brain damage in different parts of visual cortex relates 
to subjective perimetry measures. Because our fMRI study indicated that substantial RFT- 
induced reorganisation is probably not present in the early visual cortices, fMRI experiments 
aimed at identifying cortical areas that contribute to the training effect should also target 
the activations in higher visual cortical areas before and after training.
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1B4
SAMENVATTING
Van alle zintuigen die mensen ter beschikking hebben om informatie te verkrijgen over de 
wereld om ze heen, is het 'zien' verreweg de belangrijkste. We vertrouwen voornamelijk op 
ons visueel systeem, zelfs als andere zintuigen iets anders vertellen. Een mooi voorbeeld 
hiervan is het 'buikspreker' fenomeen: we horen een geluid uit de richting komen waarvan 
we denken dat daar zich de bron van dat geluid bevindt, ofwel de buikspreekpop die we 
'spraakbewegingen' zien maken. We zeggen dan ook vaak dat 'we bijna niet kunnen geloven 
wat we zien', omdat datgene wat we zien doorslaggevend is, ook als onze andere zintuigen 
iets anders lijken te vertellen. We denken dus de buikspreekpop te horen praten omdat we 
de pop zien praten, ook al komt het geluid uit de richting van de buikspreker.
Hoe belangrijk het visueel systeem voor ons is, blijkt vooral wanneer het 'zien' verstoord 
raakt: plotseling moeten allerlei automatismen zoals lezen, oriëntatie en het hanteren van 
voorwerpen bewust uitgevoerd worden. Dat wij mensen het 'zien' hebben omarmd als de 
meest belangrijke informatiebron komt overeen met het feit dat visuele functies zo 
ongeveer in de helft van de cortex terug te vinden zijn: het is duidelijk ons best ontwikkelde 
zintuig. Van alle mogelijke visuele stoornissen is het verlies van het gezichtsvermogen in een 
gedeelte van het gezichtsveld een van de meest belemmerende stoornissen, na complete 
blindheid. Door deze zogenaamde visuele velddefecten kunnen eenvoudige taken zoals zich 
verplaatsen van punt A naar punt B, zich oriënteren in een omgeving, een gezocht voorwerp 
vinden, lezen of TV kijken, veranderen in moeilijk uitvoerbare taken. Meer complexe zaken 
zoals autorijden zijn vaak helemaal niet meer mogelijk en het behouden van een baan is 
vaak problematisch. De meest voorkomende varianten van visuele velddefecten zijn 
hemianopsie (verlies van gezichtsvermogen in de helft van het visuele veld) en 
quadrantanopsie (verlies van gezichtsvermogen in een kwart van het visuele veld). Belangrijk 
hierbij is, dat het defect zich niet in de ogen bevindt, maar in de hersenen. Als het ene oog 
wordt gesloten, ziet men met het andere oog nog steeds maar de helft (hemianopsie) of 
driekwart (quadrantanopsie) van het gezichtsveld. Wordt nu juist het andere oog gesloten 
dan ervaart men met het eerste oog dezelfde uitval.
Visuele velddefecten komen relatief veel voor: naar schatting zijn er momenteel zo'n 40.000 
tot 50.000 personen met deze defecten in Nederland. In circa 75% van de gevallen worden 
visuele velddefecten veroorzaakt door een beroerte (cerebraal vasculair accident of CVA: 
een herseninfarct of en hersenbloeding). Het aantal gevallen zal alleen maar toenemen als 
gevolg van onze toenemende algemene levensverwachting en de steeds betere zorg na een 
beroerte, waardoor de specifieke levensverwachting na een beroerte eveneens toeneemt. 
Daarnaast is het zo, dat onze moderne samenleving een veel sterker beroep doet op onze 
visuele capaciteiten dan vroeger het geval was. We zien steeds meer tekst en pictogrammen, 
PC en TV schermen (denk aan Internet); we moeten steeds meer (verkeers-) borden en 
informatiepanelen kunnen overzien en omdat onze samenleving steeds drukker wordt 
moeten we ook steeds beter op de ander en ook hun voertuigen letten. Kortom: in een
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bepaald tijdsbestek moet er steeds meer visuele informatie worden opgenomen. Als gevolg 
hiervan zal de visuele beperking, die een gevolg is van visuele stoornissen (zoals visuele 
velddefecten), steeds sneller overgaan in een visuele handicap. Dat betekent date er in 
toenemende mate behoefte is aan interventies (behandelingen) die gericht zijn op de 
reductie van de visuele stoornis. In de laatste 3 decennia is er sprake geweest van 
ontwikkeling van dergelijke interventies met als doel het terugdringen van visuele 
velddefecten (vooral hemianopsie) en de beperkende gevolgen daarvan. Hierin zijn 3 
varianten te onderscheiden:
A) compensatie voor het defect door gebruik van brillen met prisma's
B) het aanleren van compenserende oogbewegingen.
Beide varianten trachten het visuele veld defect te 'omzeilen' door meer informatie naar het 
gezonde deel van het gezichtsveld te brengen (prisma's) of door het gezonde deel van het 
gezichtsveld naar de informatie 'te brengen' (oogbewegingen). Het defect zelf blijft hierbij 
onveranderd. De derde variant is
C) restauratieve functie training (RFT). Deze interventie is gericht op het terugdringen 
van het defect zelf.
De derde variant is onderwerp van de studie die ik heb uitgevoerd en die ik in deze 
dissertatie heb beschreven. De reden hiervoor is gelegen in het feit dat RFT een zeer groot 
revalidatiepotentieel heeft, indien de methode daadwerkelijk bewerkstelligt waarvoor het is 
ontwikkeld (reductie van het visuele veld defect / visuele veldvergroting ) terwijl de bredere 
effecten op het visueel functioneren niet echt bekend zijn. Mijn interesse hiervoor werd 
gewekt na kennismaking met het werk van Josef Zihl, de grondlegger van RFT, en -een tijdje 
later- met de onderzoeker zelf.
De geschiedenis van RFT studies laten een sterke slingerbeweging zien: in de eerste helft van 
de jaren '80 verschenen de eerste studies van Zihl & Von Cramon, waarin werd aangetoond 
dat de visuele velddefecten in omvang afnamen na visuele training. Dit werd aanvankelijk 
enthousiast ontvangen door vooral Duitse onderzoekers en -in  een later stadium- mijzelf, 
hetgeen leidde tot een aantal studies, die de resultaten van het werk van Zihl bevestigden. 
De voornaamste bevindingen waren dat training meestal leidt tot reductie van de omvang 
van het velddefect en dat het onafhankelijk is van de leeftijd van de patiënt én van de 
'ouderdom' van de beschadiging zelf. Wanneer de training met één oog werd uitgevoerd, 
kon het trainingseffect achteraf in het andere, niet-getrainde oog worden gemeten. Hieruit 
werd duidelijk dat het trainingeffect in de hersenen moet plaatsvinden. Immers, als de 
training veranderingen in het oog zou bewerkstelligen, zouden de trainingseffecten ook 
alleen in het getrainde oog te meten zijn. Het enthousiasme kwam tot een hoogtepunt in de 
tweede helft van de jaren '90, toen een groep onderzoekers uit Magdeburg een 
geautomatiseerde versie van de training ontwikkelden, waardoor training bij de patiënt thuis 
kon worden uitgevoerd. Dit had twee belangrijke gevolgen: ten eerste konden er ineens veel 
meer patiënten tegelijkertijd worden getraind. Ten tweede werd het een commercieel 
product, waarmee zakelijke en wetenschappelijke belangen vermengd werden. Dit laatste
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leidde tot ergernis en scepsis, waardoor het enthousiasme voor RFT enigszins afnam. Dit is 
niet onterecht, aangezien de training commercieel werd aangeboden, terwijl het nog 
helemaal niet duidelijk was welke effecten wanneer voor wie konden worden verwacht, laat 
staan dat bekend was hoe deze effecten tot stand kwamen. De scepsis bereikte zijn 
hoogtepunt in 2005 met de publicatie van de resultaten van een co-studie van de 
Magdeburg-groep en de Tübingen-groep (waarin zich de voornaamste critici bevonden). 
Hierin werd vermeld dat de geclaimde veldvergrotingen na training niet konden worden 
bevestigd met een alternatieve meetmethode, op grond waarvan werd geconcludeerd dat 
de geclaimde veldvergrotingen dus wel moesten zijn veroorzaakt door oogbewegingen. Met 
deze oogbewegingen zouden -na training- de aangeboden stimuli worden 'opgezocht' 
hetgeen vele positieve responsies oplevert en daarmee een (ver-)groot visueel veld. De 
Magdeburg-groep kwam echter met een overtuigend pleidooi waarin werd aangevoerd dat 
herstel van visuele velden niet per sé inhoudt dat het oorspronkelijke niveau van visueel 
functioneren terugkeert in die velden. Tegelijkertijd bleek de alternatieve meetmethode juist 
alleen gevoelig voor normaal functionerende gezichtsvelden. Er kon dus wel degelijk 
trainingseffect worden aangetoond, doch in de herstelde visuele velden bleek vaak nog een 
mate van relatief defect aanwezig te zijn. Dit kan echter wel degelijk als een verbetering 
worden opgevat, wat duidelijk wordt als men denkt aan het verschil tussen blindheid en 
slechtziendheid: bij de laatstgenoemde is er nog sprake van visuele perceptie. Dit alles leidde 
tot een herwaardering van de RFT methode en vanaf 2006 verschenen er verschillende 
publicaties waarin werd beschreven hoe veldvergroting na RFT plaatsvond zonder dat er 
oogbewegingen werden gemeten, die de veldvergroting 'veroorzaakten'. Tevens verschenen 
er studies naar alternatieve training- en evaluatiemethoden. In 2009 werd zelfs gepleit voor 
meer studies naar 'neurorestoratie', waarbij hemianopsie als belangrijk voorbeeld van een 
door de medische (revalidatie-) praktijk genegeerde stoornis werd opgevoerd.
De studies, beschreven in deze dissertatie maken onderdeel uit van deze herwaardering. Het 
doel van de studies was het bestuderen van de relatie tussen psychofysiologische 
veranderingen (perimetrie) enerzijds en veranderingen in perceptie (kleur- en 
vormperceptie), visueel gestuurd gedrag (lezen, autorijden) en neurofysiologische maten 
(hersenactiviteit) anderzijds, die optreden als gevolg van visuele restauratieve 
functietraining (RFT) bij patiënten met partiële corticale blindheid zoals hemianopsie.
De belangrijkste onderzoeksvragen waren:
1) Welke verbeteringen in visuele perceptie en visueel aangestuurd gedrag kunnen we 
verwachten na RFT?
2) Welke patiënten mogen deze verbeteringen verwachten en welke patiënten niet?
3) Induceert RFT daadwerkelijk veranderingen in het brein, en zo ja, welke?
Deze vragen zijn van belang, omdat ze RFT als interessant protocol mogelijkerwijs kunnen 
opwaarderen naar een verantwoorde medische, evidence-based techniek. Daarnaast 
verkleint het de kans dat patiënten, ondanks intensieve training, weinig baat hebben bij de 
training.
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Het bestuderen van hersenactiviteit in visuele hersengebieden voor en na training kan 
bovendien inzicht verschaffen in mogelijke herstelmechanismen van een visueel veld-defect, 
Vervolgens kan dat vingerwijzingen geven hoe de training geoptimaliseerd kan worden. Tot 
slot kan inzicht in herstelmechanismen van het brein van belang zijn voor de behandeling 
(hersteltraining) van andere functies, die na niet-aangeboren hersenschade kunnen 
optreden.
De belangrijkste bevindingen van de studies in dit proefschrift.
Hoofdstuk 2. In het door training herwonnen gebied van 3 patiënten werden elementaire 
visuele functies getest om de eigenschappen van dat visuele veld vast te stellen: kleur 
perceptie, perifere gezichtsscherpte (spatiële eigenschappen) en kritische flikker fusie 
(temporele eigenschappen). Ondanks het feit dat de training werd uitgevoerd met gebruik 
van eenvoudige witte stimuli, benaderden deze maten waarden, die vergelijkbaar bleken 
met die van een normaal visueel veld, zoals we dat hebben gemeten bij 6 gezonde controle 
personen (gezichtsscherpte en flikker fusie) of in het contralaterale, gezonde gezichtsveld 
van de patiënten zelf (kleur). Dit betekent dat er sprake is van een 'transfereffect': het 
herwonnen gezichtsveld (de visuele veldvergroting of defectreductie) vertoont 
functieherstel dat veel algemener is dan de getrainde taak.
Hoofdstuk 3. RFT vergroot het visuele veld gradueel. In het experiment in dit hoofdstuk 
werd veldvergroting in twee trainingcondities bestudeerd: in de eerste conditie waren de 
gebruikte stimuluslocaties geconcentreerd rond de visuele veld grens en werden ze 
aangepast aan de eventueel verschuivende grens. In de tweede conditie werd gedurende de 
gehele training één en dezelfde set van stimuluslocaties gebruikt. Het graduele aspect van 
veldvergroting werd in beide condities geobserveerd, dus beide condities kunnen worden 
toegepast. Tevens werd een nieuw paradigma in manuele perimetrie geïntroduceerd, 
waarmee oogbewegingen tijdens perimetrie kunnen worden uitgesloten als contaminerende 
factor bij het bepalen van veldvergroting. Ook blijkt bij getrainde patiënten met 
veldvergroting de meerderheid een tweede transfereffect op te treden: er is sprake van een 
significant verbeterde leesprestatie. Net als de bevindingen van hoofdstuk 2 betekent dit, 
dat training met elementaire stimuli leidt tot veldvergrotingen die daadwerkelijk kunnen 
worden gebruikt voor vorm (of letter) perceptie.
Hoofdstuk 4. Training verbetert kleur- en vormperceptie. Tevens wordt in dit hoofdstuk 
beargumenteerd dat veldvergroting niet moet worden uitgedrukt in het gemiddelde aantal 
graden waarmee de visuele veldgrens verschuift (Absolute Border Shift; 'ABS'), maar in het 
(geschatte) gemiddelde aantal millimeters hersenweefsel (Estimated Cortical Surface Gain; 
'ECSG') in de visuele cortex dat is betrokken bij de veldvergroting, gebruik makend van de 
Corticale Vergrotingsfactor (Cowey 1974). Dit heeft maken met het gegeven dat een 
veldvergroting van een bepaalde omvang (in graden) in het centrale gezichtsveld veel meer 
corticaal weefsel 'inneemt' dan een veldvergroting van dezelfde omvang in het perifere 
gezichtsveld. Als gevolg daarvan is de patiënt zich veel beter bewust van die centrale
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veldvergroting dan die perifere veldvergroting. Tenslotte is een drempelwaarde voor ECSG 
vastgesteld door de patiënten te verdelen in 2 groepen: patiënten mét significante prestatie 
verbetering en patiënten zónder significante prestatie verbetering. De ECSG waarde die deze 
2 groepen het best onderscheidt blijkt te liggen rond 6 mm corticaal weefsel. (De prestatie 
werd gebaseerd op kleur- en vorm perceptie data van 7 patiënten en leessnelheid data van 
12 patiënten)
Hoofdstuk 5. RFT verbetert ook visueel aangestuurd gedrag, zoals autorijden in een 
rijsimulator. In een groep van 6 patiënten vertoonden 5 patiënten veldvergroting. Na de 
omzetting van de veldvergroting data naar de ECSG maat bleek dat de 2 patiënten met de 
grootste ECSG als enigen significant meer saccades (oogbewegingen) in de richting van hun 
visuele veld defect maakten na training, wat kan verklaren waarom sommige patiënten met 
hemianopsie toch weer toestemming krijgen om auto te rijden. Interessant is, dat deze 
patiënten werden getraind onder strenge fixatie restricties, dus ze werden niet getraind in 
het maken van saccades. De drempel ECSG werd in deze studie in eerste instantie gebaseerd 
op de grensverschuiving in het centrale gezichtsveld en werd geschat op 10 mm cortex. Een 
correctie berekening, gebaseerd op het gehele getrainde gebied (zoals beschreven in 
hoofdstuk 4) kwam uit op een ECSG van 4-7 mm, wat overeenkomt met de gerapporteerde 
waarde in hoofdstuk 4 (6 mm). RFT levert dus nóg een transfereffect op: een toegenomen 
frequentie van saccades in de richting van het defecte hemiveld zodra de restrictie van een 
verplichte oogfixatie (training) afwezig is.
Hoofdstuk 6. De neurale correlaten van veldvergroting zijn vooralsnog onduidelijk. In dit 
hoofdstuk wordt beschreven hoe we een eerste poging hebben uitgevoerd om aanwijzingen 
te vinden voor corticale reorganisatie door RFT in de 'vroege' visuele cortices (V1, V2 en V3). 
Hierbij hebben we in een groep van 8 patiënten een zgn. 'retinotopic mapping procedure' 
uitgevoerd, gebruik maken van functionele MRI. Deze procedure brengt het visuele veld in 
kaart, zoals dat is gerepresenteerd in de 'vroege' visuele cortices. Een uitbreiding van het 
gezichtsveld zou mogelijkerwijs terug te vinden zijn in een toename van hersenactiviteit in 
de betreffende hersengebieden. Hoewel er geen bewijs werd gevonden voor reorganisatie 
die de gehele veldvergrotingen kon verklaren, leidde het experiment wel tot enkele 
interessante bevindingen. De resultaten hielden in, dat hersengebiedjes (zgn. 'voxels') in de 
visuele cortex die vóór de training naar een bepaald stukje gezichtsveld 'kijken', ná de 
training naar een iets groter stukje van het gezichtsveld én naar een iets naar buiten 
verschoven stukje gezichtsveld 'keken'. Deze veranderingen konden echter hooguit een 
veldvergroting van 1° verklaren, terwijl de betreffende veldvergrotingen van een grotere 
orde waren. De zoektocht naar neurale correlaten van veldvergroting zal daarom moeten 
worden uitgebreid naar andere hersengebieden, zoals 'late' visuele cortices (V4, V5, V7, MT, 
MST) en attentiegerelateerde gebieden.
Hoofdstuk 7. Een overzicht van de bevindingen van de studies die zijn beschreven in deze 
dissertatie en bevat enkele conclusies. Samenvattend:
• Veldvergroting kan worden vastgesteld in verschillende varianten van velddefecten;
139
• RFT leidt tot een afname in de omvang van het visuele velddefect in ca. 75% van de 
patiënten;
• RFT kan leiden tot een verbeterde waarneming van andere stimuli dan die voor 
training werden gebruikt;
• Veldvergroting dient bij voorkeur te worden uitgedrukt in de hoeveelheid corticaal 
hersenweefsel dat bij de veldvergroting is betrokken. Op deze wijze wordt rekening 
gehouden met de mogelijke locaties in het visuele veld, waar veldvergrotingen plaats 
kunnen hebben.
• De data suggereren dat drempelwaarden van die corticale maat ongeveer 6 mm 
bedraagt.
De corticale maat ECSG vertoont een hogere correlatie -die ook nog eens significant is- met 
de geobserveerde prestatieveranderingen dan ABS (gemiddeld aantal graden 
grensverschuiving), die ook nog eens niet significant is. Daarom is de conclusie 
gerechtvaardigd, dat veldvergroting dient te worden uitgedrukt in ECSG en niet in ABS.
In hoofdstuk 7 wordt vervolgens nog gespeculeerd over de mogelijkheid dat patiënten 
tijdens training een vaardigheid ontwikkelen die een effect heeft op visuele perceptie 
processen. Deze vaardigheid betreft het kunnen richten van de visuele attentie in de richting 
van het velddefect, wat stimulusdetectie zou verbeteren door top-down mechanismen die 
de gedeeltelijk beschadigde neuronale gebieden activeren, met mogelijk op termijn het 
effect dat de bewuste visuele perceptie blijvend is. RFT zou patiënten dus als het ware leren 
om de aandacht te richten op visuele input, waarvan hij/zij zich voorheen niet bewust was. 
De patiënt wordt zich door training bewust van deze input, wat bij perimetrie een groter 
gezichtsveld oplevert en een verbetering van de prestatie op visuele taken zoals lezen of 
kleuren en vormen herkennen. Dit verklaart mogelijk waarom sommige patiënten geen 
herstel laten zien: als een overgangsgebied afwezig is, dan zijn er geen gedeeltelijk 
beschadigde gebieden waarop het top-down mechanisme van de verhoogde visuele attentie 
zich kan richten en, als gevolg daarvan, blijft trainingseffect achterwege.
Al het bovenstaande lijken de stelling te rechtvaardigen, dat de grote inspanning van RFT 
voor een deel van patiënten met gezichtsveld defecten zeer veel baat geeft. RFT moet dus 
bereikbaar zijn voor deze groep mensen en het hoort daarom thuis bij revalidatie- 
instellingen of -afdelingen. Voor een implementatie van de methode in de revalidatie 
praktijk is het van belang dat een prognose instrument wordt ontwikkeld, zodat voorafgaand 
aan intensieve training een inschatting kan worden gemaakt van de te verwachten 
gezichtsveld opbrengst.
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kan promoveren, nadat die mogelijkheid in Utrecht was weggevallen. Tenslotte heeft hij 
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Er zijn nog anderen die hebben bijgedragen:
Mathijs Raemaekers, niet alleen eerste auteur van het paper dat in hoofdstuk 6 is 
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analyticus van de resultaten die uit het experiment voortvloeiden. Ik vind het erg stoer dat 
daardoor een fMRI studie onderdeel is geworden van deze dissertatie. Er zijn uiteindelijk een 
hoop meer scan-middagjes en -avondjes geweest dan alleen de sessies die bij de 8 
gerapporteerde personen horen. Mathijs, veel dank hiervoor. Ten slotte dank ik je ook voor
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aanvraag, waarmee we nog bijna succesvol waren ook.
Ik dank prof. Wim van de Grind, die er voor zorgde dat ik vanaf 1998 een kamer, een 
Mac en een perimeter tot mijn beschikking had, zodat ik patiënten kon ontvangen, meten 
en trainen. Eerst in het NEST, wat gezellig was en later in het Kruytgebouw, wat in het begin 
goed bevolkt was, maar gaandeweg steeds minder collega's huisvestte. Op een goed 
moment waren Wim en ik de enigen die de gehele gang op de 3e verdieping 'bemanden'. De 
perimeter gebruik ik nog steeds. Wim, ik dank je zeer voor de mogelijkheden die je hebt 
geboden, waardoor ik in Utrecht kon starten met het onderzoek.
Ik maak nog steeds dankbaar gebruik van het computerprogramma waarmee een 
patiënt thuis op een PC kan trainen. Dit programma, wat ik ReVision heb genoemd, heeft 
Jacob Duijnhouwer voor mij gemaakt. In feite is het een soortgelijk programma als de
training die sinds 1998 commercieel verkrijgbaar is. Het is alleen veel goedkoper...... Jacob,
mijn dank is groot.
Ik heb uiteraard een hoop te danken aan de mensen, die als proefpersoon vrijwillig 
deelnamen aan de studie. Ik wil echter vooral die mensen bedanken die 10 weken lang, 4x 
per week naar de universiteit kwamen om daar een uur lang door mij aan een vrij intensieve 
training te worden onderworpen. Het is uit privacy overwegingen niet opportuun om deze 
mensen bij naam te noemen; zij weten zelf goed wie ik bedoel en ik dank hen hartelijk voor 
de enorme inspanningen. Toch maak ik een uitzondering voor 2 deelnemers:
Dankzij het -na de training aanhoudende- enthousiasme van de allereerste proefpersoon, in 
1995 getraind, werd in 1998 een eerste paper gepubliceerd. Reinold, dank voor die positieve 
input. Omdat je de eerste was, was het erg belangrijk dat ik het gevoel kreeg dat er 
inderdaad iets 'te halen viel' met de training. Ik was anders wellicht nooit doorgegaan. 
Verder is je gewoonte om me destijds 'dokter Douwe' te noemen zeer vooruitziend 
gebleken.
In de tweede plaats dank ik Leen Verheul. Leen onderging de training met net zoveel 
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Steven Berdenis van Berlekom van revalidatie-instelling de Hoogstraat voor mijn tijdelijke 
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Wouter Lukas, Kathryn Sisson, Joris Elshout en Maartje Leenders voor het uitvoeren van 
leuke experimenten en voor gezelligheid op een leeglopende afdeling. Maartje dank ik 
speciaal voor het bekijken en analyseren van in totaal circa 30 uur (!) video materiaal. Ik 
dank Stephan van der Stigchel en mijn broer Roel voor het optreden als paranimf, iets 
waarvoor de laatste dacht een rokje te moeten dragen maar wat hij evengoed wilde doen.
Uiteindelijk wil ik hier ook graag mijn dank uitspreken naar de fondsen, die financiële 
middelen beschikbaar stelden voor het onderzoek: NutsOhra, RVVZ, de Hersenstichting en 
de kleinere fondsen stichting Blindenpenning, de Fischerstichting en de stichting 
Blindenhulp.
Tenslotte, maar niet als minste dank ik mijn levenspartner Danielle.
In de afgelopen 6 jaar 'moest' je steeds meer verhalen aanhoren, tegenvallers en spanning 
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genoegen nemen met de 'verstrooide professor' in huis, voor wie herhaling van wat was 
gezegd steeds vaker nodig bleek. Dankzij jou kon ik steeds weer terugvallen op regelmaat, 
die hard nodig is als er onzekerheid was over de voortgang van onderzoek (en daarmee een 
werkaanstelling). Dit rustpunt is erg belangrijk voor mij geweest en is dat nog steeds. Ik ben 
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